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Abstract 
Previous studies have demonstrated upward flame spread on vertical surfaces to be 
one of the most serious fire scenarios due to the concurrent direction of flame 
propagation and air flow. The unburned zone of the wall ahead of the pyrolysis zone 
consequently receives heat directly from the flame, causing the temperature of the 
unburned wall to rise quickly and the flame to spread more rapidly. In order to avoid 
the occurrence of hazardous wall fires, there is a need to select materials which satisfy 
performance-based regulations. This approach needs information from reliable fire 
models which simulate accurately the fire behaviour of materials in their end-use 
configuration. However, none of the existing models are used in this way. This is 
because of the limitations of the models themselves, in particular the assumptions 
involved and uncertainties in the empirical correlations used in the models. 
This study focuses on the early stages of the upward flame spread. An existing model 
which uses data directly from the Cone Calorimeter test was examined. A non-
standard test procedure was developed which gives results capable of giving better 
predictions from the model. The flame height and heat feedback to the unburned wall 
were also examined and more information obtained. The flame height was measured 
from steady burning vertical fuels and from a gas-fuelled panel to examine the 
commonly accepted relation that the flame height is proportional to the 2/3rds power 
of the heat release rate per unit width of the wall fire Q'. In the former experiment, 
the flame height and Q' were measured directly in the same experiments, providing 
data for the early stages of fire spread. In addition, the effect of different geometric 
configurations was examined. The latter experiment revealed a width effect, 
questioning the validity of Q' being the only parameter determining the flame height. 
Experiments were also carried out to measure the heat transfer to the unburnt material 
above the pyrolysing zone. A lower value was found to be more representative than 
the ones used previously. 
With these modifications, the model was found to give good agreement with 
experimental measurements of vertical spread on sheets of PMMA. Two additional 
11 
cases were studied: wall fires influenced by an inert parallel wall and by the proximity 
of a corner. The measurement of flame height and heat feedback provides data for 
further investigation and modelling work. 
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Chapter 1 
Introduction and Objectives 
1.1 Introduction 
These is an old Chinese saying describing the functions of water: Water can lift ships and also turn 
ships over. Fire also has positive and negative functions for human beings. On one hand, fire 
provides heat, light, warmth and power. On the other hand, unwanted fire can cause loss of life 
and property. In the UK alone, 110,700 accidental and 88,300 malicious fires were reported in the 
year 1998 (Watson and Gamble, 1999); and in the year 1995, £ 863 M loss was estimated from the 
Association of British Insurers (FPA, 1998). 
From an analysis of the 1998 figures (Watson and Gamble, 1999), more than three-quarters of all 
casualties occur in dwellings and other buildings. Unfortunately, there is a risk of fire in every 
building that is designed. In order to prevent unwanted fires in buildings, reports of fire 
investigation and fire statistics become useful but sorrowful lessons for further improvement in 
building design. 
1.2 The Hazard of Upward Flame Spread 
Experience of analysing unwanted fires has shown that most fires in buildings start in furnishings. 
Combustible wall linings can make the situation much worse because plenty of heat from the fire 
can be absorbed for pyrolysing the unburned leading edge ahead the burning area. This can lead 
rapidly to flashover. Thus, upward flame spread on vertical surfaces becomes an important driving 
force for fire growth. A recent investigation on a multi-story fire in a high-rise apartment building 
discovered an extremely rapid upward fire spread (20-30 seconds for the fire to proceed upward by 
one 3-m floor) through balconies in the building (Hokugo et al., 2000). In addition, warehouse 
fires are also significant examples of upward flame spread where large areas of vertical 
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combustible surfaces can exist in high storage bays. The configurations in warehouses may lead to 
even more rapid fire growth than would be supposed because the storage arrays provide a vertical 
channels between two stacks which increase the heat transfer to neighbouring combustible 
materials. 
1.3 Fire Tests Relevant to UDward Flame SDread on Vertical Surfaces 
In order to avoid the occurrence of upward flame spread in a building, wall-lining materials, 
products or assemblies have to be selected on the basis of their performance in fire tests. The 
threat to life and health of people in building fires depend on the fire size (i.e. heat release), the 
amount of smoke evolved and the toxicity of the combustion products so that these three should be 
considered as the dominant hazard parameters in fires. From an economic point of view, small-
scale fire tests are preferred. However, the performance of a material in a small-scale test may not 
represent its end use or cover all possible fire scenarios. Thus the result should be examined 
carefully before being adopted and might only be regarded as information about the potential of a 
material to generate heat, smoke and toxic gases in a rather simplistic way. The Cone Calorimeter 
is the most popular small-scale fire test apparatus, which can provide important fire parameters 
relevant to these three dominant hazards. 
1.3.1 The Cone Calorimeter 
The Cone Calorimeter is a small-scale apparatus which is capable of measuring the rate of heat 
release (RHR), the effective heat of combustion, mass loss rate, ignitability, smoke/soot and toxic 
gases (Babrauskas, 1995). A lOxlO cm specimen is set up horizontally or vertically, facing a 
conical heater which allows a radiant heat flux from 10 to 100 kW/m 2 to be produced at the surface 
of the specimen (see Fig. 1.1). A spark ignitor is used to ignite the fuel vapours under a chosen 
irradiance and the time dependent RHR under the given conditions can be calculated by using the 
principle of oxygen consumption (Thornton, 1917, Huggett, 1980). These two parameters, the time 
to ignition and RHR are analysed in this thesis as they have direct effects on fire growth on vertical 
surfaces. 
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1.3.2 The Room/Corner Test 
Room/corner test (ISO/DIS 9705) is a full-scale fire test for wall lining materials and was designed 
to simulate the real fire behaviour of materials in their end use. The test comprises a room 
(2.4x2.4x3.6m) with a normal sized doorway (0.8x2m) and the test specimen is mounted on the 
walls and on the ceiling (see Fig. 1.2). The ignition source, a sand bed burner, is located in a 
corner to simulate the worse case (to be discussed in Sec. 2.4). Its output is 100kW during the first 
10 minutes and 300kW for the next 10 minutes. RHR is obtained by oxygen consumption 
calorimetry (ISO, 1993). 
1.3.3 The SB! Test 
The ISO/DIS 9705 room/corner test is in the very final stages of becoming an ISO Standard 
(Sundstrom, 1991). However, a disadvantage of the room/corner test is its high cost. Recently, 
another intermediate-scale test apparatus, the Single Burning Item test (SBI), has been developed 
to achieve the benefits of more accurate reflection to the fire conditions of real fires than small-
scale tests and more cost effective than full-scale tests. The design of the SBI test was directed to 
have better methods for estimation of fire critical effects such as ease of ignition and growth of fire 
to an uncontrolled state. 
Test specimens are mounted on a trolley to form two walls joined vertically at right angles (see 
Fig. 2.3). Both walls are 1.5 m high but their widths are 1.0 m for the long wall and 0.5 m for the 
short. A 250 mm-sided triangular sandbox through which propane is fuelled acts as the SBI 
ignition source and is positioned at the base of the corner to simulate the thermal attack of a waste-
paper basket in a corner of a room. The RHR, smoke and toxicity production are still the primary 
parameters measured. 
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1.4 The Risk Assessment of Upward Flame Spread and the Concept of Performance-Based 
Design 
Fire safety engineers are responsible for ensuring that buildings will be safe in the event of fires. 
Practically they have to assess the risk associated with a fire hazard involving particular burning 
materials, products or assemblies in special fire scenarios. The traditional way adopted is by using 
fire tests which measure particular fire properties (discussed in Sec.1.3). The results have then 
been used to rank materials based on a single fire property. Unfortunately, fire performance of a 
material or a component in a small-scale fire test cannot represent its end use. Adopting a large-
scale test to assess the fire risk of a specific configuration always consumes time and money. Even 
adopting an intermediate-scale test apparatus, from the viewpoint of a designer, this kind of 
prescriptive approach will not always meet the needs or expectations of building owners. In 
addition, this kind of approach may not cover all fire scenarios (Custer and Meacham, 1997), and 
does not give quantitative data for use in "engineering design". 
A new concept has been accepted: the fire protection consideration for a specific design situation 
should depend on the final integrated performance of each sub-system, e.g. fire suppression 
facility, the fire resistance of each component. This is so called "performance-based approach". 
On the contrary, a "prescriptive-based approach" checks all sub-systems individually. The 
performance-based approach is more scientific and is likely to be more cost-effective. In the UK, a 
framework called DD 240 (BSI, 1997) has been provided, which is reviewed by the public and will 
become a British Standard after modification. DD 240 takes into account many factors, including 
building construction, means of escape, human factors, smoke control, fire detection, alarm 
systems and suppression, and their contribution to the achievement of fire safety objectives. 
Flexibility is allowed when equivalence can be shown. Another example is a building fire safety 
risk assessment system developed by Victoria University of Technology and the National Research 
Council of Canada. They considered the concepts of design fires, modelling the physical 
phenomena of fire growth and spread, predicting the times of occurrence of those events relevant 
to life safety, with the inclusion of fire brigade performance (Beck, 1994). 
It has now become clear that there needs to be better predictive and integrated ways to make fire 
safety decisions. However, a prerequisite is the accurate prediction of all the sub-systems. 
Unfortunately, for example, the prediction of fire growth associated with a specific fire scenario is 
still not reliable enough. The development of fire models for accurate predictions is still needed. 
1.5 Objectives of this Thesis 
Therefore, attention should still be drawn to the development of fire models which are capable of 
reliably predicting the rate of fire growth in a specific fire scenario. The better understanding of a 
fire phenomenon is always the prerequisite. Thus, in this thesis, experiments were designed to 
analyse the mechanisms and characteristics involved in upward flame spread such as flame heights 
and heat transfer from flames. Extensions were given to two worst cases: upward flame spread in a 
corner and between two vertical walls. 
Computer modelling of a fire phenomenon is of importance as it connects the understanding of the 
fire phenomenon with its risk assessment and practical performance-based design. Adopting data 
from small-scale fire test apparatuses as input of fire models is preferred because it is cost-
effective. An upward flame spread model developed at Edinburgh University, which uses data 
from the Cone Calorimeter, was reviewed and modified. Such progress may prove to be a suitable 
basis by which the data from the Cone Calorimeter could be used for the purpose of material 
selection and for carrying out risk assessment. 
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Fig.l.l - Schematic view of the Cone Calorimeter. 
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F'ig.1.2 - The schematic diagram of ISO 9705 room/corner test. 
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Fig.1.3 - The schematic diagram of SBI (Single Burning Item) test rig. 
Primary Burner 
Chapter 2 
Literature Review: Upward Flame Spread 
2.1 Introduction 
In order to prevent unwanted wall fires, one must have an understanding of the physical 
processes involved. In this chapter, some fundamentals of fire related to flame spread are 
reviewed first. Afterwards, previous research involving experimental, theoretical and 
modelling approaches to upward flame spread on flat surfaces are discussed. Then an 
investigation of two extended cases of wall fires, in a corner and between two parallel 
walls, is presented. 
2.2 Ignition and Flame Spread 
Ignition may be regarded as one of the most important stages involved in a fire because it 
describes the initiation of a combustion phenomenon. "Ignition may be defined as that 
process by which a rapid, exothermic reaction is initiated, which then propagates and 
causes the material involved to undergo change, producing temperatures greatly in excess 
of ambient." (Drysdale, 1998). Depending upon whether the fuel is ignited with or 
without the aid of an external ignition source, the result is accordingly classified as 
piloted or spontaneous. Piloted ignition is of importance because it occurs at lower 
temperatures and most fires involve an ignition source. 
In practice, ignition can be noted by the appearance of a flame in flaming combustion in 
which wall fires are classified. Flame is the visible portion of the volume within which 
combustion is occurring, and is well known as a gas phase phenomenon (Lewis and von 
Elbe, 1987). This statement infers that all the solid fuels (and liquid fuels), which are so 
called condensed-phase fuels, have to change to the gaseous phase before burning. In 
solid combustion, the main mechanism applied to yield volatile vapours from the fuel 
surface and enter the flame is chemical decomposition, or pyrolysis (Drysdale, 1998). 
Conclusively, Kanury (1988) described three sets of conditions which have to be fulfilled 
to ignite a condensed-phase material. 
sufficient quantities of combustible vapours have to be released as a result of 
preheating the solid or liquid; 
these vapours have to be mixed with the oxidant in the gas phase; 
this mixture has to be either at a high enough temperature to induce self-accelerating 
oxidation (i.e., spontaneous or autoignition) or to be provided with a pilot source to 
induce local self-accelerating oxidation. 
2.2.1 Flashpoint, Firepoint & Flammability Limits of Liquid Fuels 
The research on wall fires should deal with the ignition of "solid" fuels. However, it is 
easier and more general to describe the ignition of liquid fuels first. For liquid fuels, the 
first condition noted above describes a proper situation in which the fuel vapours 
produced must be more or less enough to start a flame. Limits of flammability of liquids 
are thus defined by experimentally determined fuel concentrations at a specified 
temperature and pressure, bounded by lower and upper flammability limits (Zabetakis, 
1965). The former denotes the fuel percentage of a limit mixture when oxidant is in 
excess, and the latter denotes when fuel is in excess. In addition, for those flames in 
which fuel vapours ("volatiles") and oxidiser (oxygen in air) are intimately mixed before 
combustion is initiated, premixed flames are defined, and diffusion flames describe 
those flames in which fuel vapours and air are initially separate, reacting as they mix. 
Flashpoint is defined as the lowest temperature at which the vapour-air mixture is 
flammable at the surface; that is, the vapour pressure corresponds to the lower 
flammability limit. At the flashpoint, only a short duration flame or a "flash" will be 
produced if an ignition source is introduced. If a sustained burning of flammable liquid is 
required, a further temperature increase is needed to generate a continuous, i.e. sustained, 
flame. The minimum temperature for continuous flaming is defined as firepoint. 
2.2.2 Piloted Ignition of Solid Fuels 
Unlike liquid fuels, the flashpoint and firepoint of solids can not be measured easily. A 
corresponding concept of rate of pyrolysis or mass flux is established. Sufficient volatile 
flow can be described as a critical mass flux of fuel vapours and the firepoint of solid can 
be defined in term of surface temperature, i.e. the ignition temperature (Drysdale, 1998). 
2.2.3 The Relationship between Ignition and Flame Spread 
After the initiation of flaming combustion, the combustible material starts to burn and 
release heat. Some of the heat produced continues to raise the temperature of its 
neighbouring unburned zone, producing flammable fuel vapours which are ignited by an 
ignition source played by the leading flame itself and then forcing this zone to become 
involved. This results in the propagation of flame. As a result, flame spread can be 
considered as an advancing ignition front in which the leading edge of the flame acts both 
as the source of heat (to raise the fuel ahead of the flame front to its ignition temperature) 
and the source of pilot ignition (Drysdale, 1998). The flame spread may then result in the 
increase of flame size and burning rate, and consequently causes larger fires, e.g. 
compartment fires. 
2.2.4 Flame Spread Rate over Solids 
For a flame to spread, sufficient heat energy must be transferred from the flame with or 
without external heat flux to the unburned zone ahead of the flame to pyrolyse the solid. 
There fuel vapours escape from the surface, mix with air to produce a flammable mixture 
ahead of the leading edge of the flame and are then ignited by the flame itself. Therefore, 
the rate of flame spread is determined by the ability of the flame to transfer necessary 
heat to pyrolyse the solid and to ignite the flammable mixture ahead of it. 
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2.3 The Factors Influencing Flame Spread Rate over Solids 
Williams (1977) presented a fundamental equation of flame spread by postulating that the 
rate of heat transfer across the "surface of fire inception" determines the rate of flame 
spread. 
pVLth = ti' 
	
(2.1) 
where V is the flame spread rate, ti" is the net heat flux, p is the fuel density and 4/i is the 
change in enthalpy as unit mass of fuel is raised from its initial temperature T0 to ignition 
temperature Tig. By substituting 4/i in terms of the specific heat c, T(, and Tig , the V can 
be expressed in the following form. 
V= 
PC( g —T0 ) 
	 (2.2) 
This "fundamental equation of flame spread" views flame spread over combustibles as a 
process of continuous ignition of the successive upstream materials. It is a simple energy 
conservation equation and only for steady conditions. However, this equation identifies 
the factors affecting the rate of flame spread. From Equation 2.2, it is shown that the net 
heat flux absorbed by the "successive upstream material", the density, specific heat and 
the difference between initial and ignition temperature of the fuel determine the velocity 
of flame spread. 
2.3.1 The Net Heat Flux 
From Equation 2.2, one can see that the flame spread rate increases as the net heat flux 
increases. Several physical, chemical and environmental factors have effects on the net 
heat flux. 
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2.3.1.1 Surface Orientation and Direction of Flame Spread 
The surface of a solid can be at any orientation. After the solid is ignited, a flame 
becomes established. The density difference (zip/p= L%T/1) between the flame and 
surrounding air creates air entrainment. The buoyancy always drives the air to move 
upwards. Along the burning solid, the presence of inclined surface orientation results in 
an "imbalance" of the air flow into the opposite sides of the flame, which determining the 
length of the flame and the angle between the flame and the combustible surface (Smith, 
1992). The interactions at different angles of inclination are shown in Figure 2.1. 
In Fig. 2.1 (a)-(c), it can be seen that the buoyancy-induced flow of air is entrained 
opposite to the direction of the flame spread. 'Counter-current spread' is so defined 
(Fernandez-Pello and Hirano, 1983). 'Co-current spread' describes those situations when 
the flow of air and flame spread are in the same direction, e.g. Fig. 2.1 (d) and (e). A 
critical inclined angle between 150 to 250 was found by Drysdale and Macmillan (1992) 
with 6mm thick PMMA slabs with sidewalls (150 mm long, 30 to 60 mm wide), which 
suggested a transition from counter-current flame spread mode to co-current one. Smith 
(1992) observed a similar transition at a critical inclined angle of 27 0 for a 0.3m square 
fire source mounted in the base of a trench. Wu and Drysdale examined two different 
cross-section trenches, 0.276 m and 0.09 m square, both 2 m long. They found a critical 
angle of 200 for the larger trench, which increased to 27 0 for the small one. Both Smith 
(1992) and Wu and Drysdale (1994) observed the critical angle to be independent of the 
heat release rate. In addition to the experimental approaches, Woodburn and Drysdale 
(1998) used CFD simulations to study the dynamics of fires in inclined trenches. The 
critical angle obtained was closed to that measured experimentally (Smith, 1992; Wu and 
Drysdale, 1994). They further found the critical angle to be dependent on the burner 
geometry and on the geometry of the trench through their CFD simulations. 
Fig. 2.2 demonstrates the significant difference of heat transfer patterns in counter- and 
co-current flame spread by exemplifying horizontal and vertical upward flame spread. 
Focus is on the unburned leading edge of these flames because the heat transfer in this 
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region significantly affects the fire growth thereafter. For the vertical upward flame 
spread, the induced airflow makes the flame closer to the unburned combustible material 
and also lengthens the heating region. Therefore, the unburned zone in the upward flame 
spread can receive considerable radiation from the flame and convection through gas 
phase in addition to conduction through solid phase. On the contrary, in the horizontal 
and downward flame spread, the primary heat transfer mode is through conduction (at 
least for thick fuels). Conclusively, for the upward flame spread, the stronger and 
greatly-extended heating both help increase the heat absorbed in the unburned leading 
edge for ignition, consequently exponentially accelerating the flame spread. 
Fig 2.1 - The interaction between a spreading flame and the surface of a (thick) 
combustible solid for different angles of inclination: (a) —90 0 (b) —450(c) 00(d) +450(e) 
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Experimental evidence of flame spread rate measurements on different materials at 
different ranges of inclined angles has also been carried out. The flame spread rate on 
PMMA was reported by Drysdale and Macmillan (1992) to be from c.0.08 mm/s to c. 
0.6mm/s (with sidewalls) at the inclined angles from 0 0 to 600. With physically thin 
fuels, burning can occur simultaneously on both sides. Their data on computer cards also 
showed an increase of flame spread rate from c. 1.8 to 14 mm/s at the angle from 00 
(horizontal) to 300.  The measurement of Hirano et al. (1974) on computer cards also 
showed an increase of flame spread rate from c. 1.2 mm/s to 2.5 mm/s at the angle from 
—900 (vertically downwards) to —iO° 
2.3.1.2 External Radiant Heat Flux & Preheating Effect 
The external radiant heat has an effect on both the pyrolysis zone and the unburned zone 
of the combustible solid, therefore, helping the flame spread in two ways. In the 
pyrolysis zone, the extra heat transfer increases the rate of the vaporisation of fuel, and 
consequently produces a stronger flame. Simultaneously, in the unburned zone, the heat 
flux preheats the fuel ahead of the flame front, which causes the temperature of the fuel 
to rise more rapidly. Hasemi et al. (199 1) analysed the effect on an upward flame spread 
on a vertical wall, and indicated that the external radiation directly enhances the 
temperature of the unburned surface. In addition, the external heat flux increases the 
pyrolysis rate which leads to an increase of the incident heat flux from the flame to the 
unburned surface. The increased pyrolysis rate enhances the flame height, which plays 
an important role in the acceleration of the flame spread, but this only affects upward 
flame spread (details will be discussed in Sec.2.4.3). 
2.3.1.3 Thickness, Conductivity and Width of Fuel 
In Sec. 2.3, the "Fundamental equation of flame spread" describes flame spread as a 
process of continuous ignition. For an advancing flame front, the exposure time for the 
unburned fuel is i/V. where V is the rate of spread and 1 is the "heating length", i.e. the 
length of sample perpendicular to the advancing flame over which the temperature raises 
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from T0 (ambient) to the ignition temperature T18 . For thermally thin materials, the time 
to achieve the ignition temperature t1 under a given heat flux is directly proportional to 
the product of pcä, where p is density, c is specific heat capacity and ö is thickness of the 
material (Simms, 1963). Thus, the flame spread rate, which is inversely proportional to 
t, is also inversely proportional to 5. However, for thermally thick materials, the 
thickness should be replaced by the "depth of heating" which can be given approximately 
by ((Xt) "2 (Drysdale, 1998), where a is the thermal diffusivity (k/pc) and t is the time in 
seconds during which the surface of the solid is exposed to a heat flux. After 
rearrangement, the flame spread rate becomes independent on the thickness of the 
material. Experimental evidence has been demonstrated for thermally thin materials by 
Magee and McAlevy (1971) and Suzuki et al. (1994), showing that as thickness 
increases, the downward flame spread rate of thin cellulosic specimen (thickness from 0.2 
to 2.0mm) and filter paper (thickness from c. 0.25 to 5mm) decreases. In addition, Suzuki 
et al. (1994) showed the flame spread rate of filter paper was independent of thickness as 
which is over c. 5 mm and the flame even not spread as the material is too thick (for 
thickness> 8.4 mm). 
It is reasonably expected that the higher conductivity, the lower rate of flame spread. This 
is also because more heat is transferred into the solid by conduction. 
While the width of fuel increases, the burning zone expands. Experiments by Kashiwagi 
(1974) and Ray et al. (1980) on the horizontal flame spread on carpet and PMMA have 
shown that the size of flames can determine the heat transfer mechanism, which means 
radiation may play a more important role with the increase of fire size (Ray et al., 1980, 
Drysdale, 1998). For upward flame spread (in which convective heat transfer from the 
flame to the unburned zone is also important) the increased radiant heat transfer from the 
flame (to the unburned zone) will consequently accelerate the spreading. However, for 
downward flame spread, radiant heat transfer influences the heating on the ahead 
unburned region very slightly, and consequently has little effect on it. 
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2.3.1.4 Atmosphere Composition, Gravity and Atmospheric Pressure 
When oxygen concentration is increased, combustion efficiency is enhanced. The flame 
is hotter, so heat is transferred more rapidly. In addition, gravity has influence on 
buoyant effect, consequently affecting the induced flow velocity in the leading edge of 
flame. As gravity increases, the buoyant flow is greater and then increases the flow rate 
(Fernandez-Pello, 1995). For counter-current flame spread, e.g. horizontal or downward 
flame spread, the acceleration of induced flow rate ahead of the flame front takes away 
some heat used for igniting the unburned zone. The spread of the flame thus slows. This 
gravity effect was proved experimentally (from 1 g to 4g) by Altenkirch et al. (1980) on 
downward flame spread on thermally thin fuels. In addition, more rapid upward flame 
spread can be postulated as gravity increases because the stronger induced gas flow helps 
the flame spread. 
Flame spread under microgravity conditions has drawn some attention because of 
increasing activity in space. The absence of gravity eliminates the effect of buoyancy, 
therefore, changing the flame shape, etc. This microgravity research also helps 
combustion researchers understand other mechanisms involved more easily. 
Atmospheric pressure also affects flame spread rate. Experimental results from McAlery 
and Magee (1969) and Bhattacharjee et al. (1991) for horizontal flame spread and 
Altenkirch et al. (1980) for downward flame spread derive that flame spread accelerates 
when pressure increases. This is partly due to the effective oxygen enrichment which 
enhances flame stability at the surface (Drysdale, 1998). In addition, Bhattacharjee et al. 
(1991) stated from experimental observations that increased gas-phase radiation causes 
an increase in the optical depth of the flame and heat transfer back to the fuel surface, 
which may increase flame spread rate with increasing pressure. 
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2.3.2 Density and Specific Heat 
Foamed plastics and low-density combustible materials can develop fire and spread flame 
very easily because the surface temperature rises very quickly when exposed to heat. In 
addition, the larger the specific heat of a material is, the harder the material to be heated 
to its ignition temperature, because the specific heat is defined as the quantity of heat 
required to raise the temperature of a unit mass by one degree. The density p and specific 
heat c are often considered together with the conductivity of a material k (Section 
2.3.1.3), giving the expression of "thermal inertia" (kpc) because these three material 
properties are the ones directly relevant to the response of the surface to heating. 
2.3.3 The Difference of Initial and Ignition Temperature 
It is reasonable to expect that the closer initial and ignition temperature are, the less 
energy is needed to raise the unaffected fuel to its ignition temperature ahead of the 
flame. Therefore, the less the difference of initial and ignition temperature is, the less 
heat is needed to achieve the ignition temperature and the faster the flame will spread. 
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2.4 Upward Flame Spread on Vertical Flat Surfaces 
2.4.1 The Phenomenon 
As discussed in Sec. 2.3.1.1, the " imbalance" of air flow entrained from the "two sides" 
of the incline of a burning surface influences the formation of combustion boundary 
layers. Experimental observations from Drysdale and Macmillan (1992) and Smith 
(1992) demonstrated a critical angle existing by which the development of a flame is 
distinguished as concurrent or counter-current. Upward flame spread is a typical 
concurrent flame spread. The hot, still reacting or post combustion gases generated at the 
burning region of the material form a buoyancy-induced flow ahead of the pyrolysis front 
close to the unburned combustible surface. The fuel vapours generated downstream of the 
pyrolysis front that are not consumed immediately by the upstream diffusion flame are 
driven ahead of the pyrolysis front where they keep reacting with the oxidiser, thus 
extending the diffusion flame downstream from the pyrolysis front (Fernandez-Pello and 
Hirano, 1983). 
The process of upward flame spread can be further illustrated in Fig.2.3. The "wall" is 
undergoing pyrolysis (burning) in the region (X-Xb) and the surface ahead of the burning 
zone is exposed to flame over the height (X-X). Xb, X1, and Xf represent the heights of 
burnout front, pyrolysis front and flame tip from the bottom edge of the "wall". 
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2.4.2 The Controlling Mechanisms of Upward Flame Spread 
Upward flame spread attracted combustion scientists relatively early (before the 1970s), 
and attention has been drawn to establish its mathematical formulation. Friedman (1968) 
described the status of the scientific understanding of the flame spread phenomenon in 
the late 1960s after he examining results of some idealised experiments. The effects 
analysed were roughness, exposed edges, air velocity, sample orientation, material 
substance, width/fire size, pressure, nitrogen dilution and equimolar substitution of 
helium for nitrogen. He concluded combustion science was still not able to specify 
mathematically the laws governing a flame spread process and there was uncertainty as to 
which variables exert dominant effects. Although combustion scientists had produced 
some experimental data, no firmly established flame-spread theory in terms of known 
parameters existed even for the simplest imaginable geometry (Friedman, 1968). 
Afterwards, a large number of researchers had focused on finding out the controlling 
mechanisms of flame spread (e.g. Friedman, 1968; de Ris, 1968; Hirano et al., 1974; 
Fernandez-Pello and Hirano, 1983; Wichman, 1992; Fernandez-Pello, 1995; Thomas, 
1995) and upward flame spread is one special case. It can be imagined that the flame 
spread research, both theoretical and experimental, started with simple materials, laminar 
flow conditions and idealised configurations. These studies provide insights for further 
investigations on upward flame spread. 
For a flame to spread, sufficient combustible vapours must be present to react with the 
oxidiser under suitable conditions. It implies that, as Fernandez-Pello described (1984), 
the flame spread phenomenon results from an interaction of transport processes in the gas 
and condensed phases, the vaporisation of the fuel and the chemical reaction of the fuel 
vapours with the gaseous oxidiser. Thus, the heat transfer and gas phase chemical 
kinetics aspects of a flame spread process are the two key reactions to establish a flame 
spread theory. 
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2.4.2.1 The Analysis on Laminar Flames on Vertical Fuel Surfaces 
A useful starting point for the discussion of flame spread research is the theoretical model 
presented by de Ris (1968), which assumed primary importance of the "heating 
mechanism" in the vicinity of the pyrolysis front for modelling approach of flame spread 
on horizontal surfaces and ignored reaction kinetics. This "thermal modelling" approach 
described ignition and flame spread as a result of inert heating of the solid to an ignition 
temperature, including the considerations of the effects of stoichiometry, heat of 
combustion, gas-phase conductive heat transfer, radiation from the flame, mass transfer, 
fuel vaporisation and fuel-bed thermal properties. Applying this concept, a mathematical 
model of laminar horizontal flame spread over a combustible solid was conducted, 
showing reasonably good agreement with available experimental data of flame spread 
rate (Huggett et al., 1965). The output from the model additionally demonstrated that the 
flame spread rate is strongly influenced by the adiabatic stoichiometric flame temperature 
and the fuel bed thermal properties, although the fuel bed conductivity parallel to the 
propagation direction was not found to be a strong influence on flame spread rate. 
Although the legitimacy of ignoring reaction kinetics was still worth arguing, several 
theoretical treatments for laminar burning on vertical fuels have been derived by using 
the same assumption, and have also showed good agreement with experimental 
measurements. Kim et al. (1971) applied steady-state laminar diffusion flame equations 
of continuity, momentum and energy to a boundary layer equation, showing that laminar 
burning rates are governed by both geometric (or fluid mechanical) and chemical effects. 
Kung (1974) coupled both the gas-phase laminar diffusion flame processes and in-depth 
wood pyrolysis in the solid phase to predict the burning rate of vertical wooden slabs. 
Moreover, by making use of a boundary layer approximation to describe the flow and of 
an ignition temperature to define the rate of flame spread (Fernandez-Pello, 1978), the 
time-dependent heights of pyrolysis front and flame front of upward laminar flame 
propagation were predicted. In these theoretical studies, the rate of flame spread was 
singly determined by the rate at which the surface temperature of the combustible is 
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raised to a prescribed value, i.e. ignition temperature, through heat transfer from the 
flame. 
The experimental methods for studying flame spread mechanisms and examining 
parameters relating to spread rate were reviewed by Fernandez-Pello and Williams 
(1976). The techniques surveyed included motion-picture and still photography, 
thermocouples used for measuring gas-phase and solid-phase temperatures, 
interferometic temperature measurements, radiometer measurements, gas sampling and 
analysis by gas-phase chromatography, particle track photography and pulsed-wire 
velocity measurement. In addition, the difficulty of measuring upward flame spread rate 
was noted. 
Significantly, these theoretical models were somehow capable of predicting the rate of 
laminar upward flame spread carried out experimentally with assistance of the 
experimental methods summarised above. However, real fires are usually turbulent. 
Experimental observation on vertical burning PMMA slabs by Orloff et al. (1974) found 
laminar burning extends to a height of about 10 cm and fully turbulent burning is 
established for those with pyrolysis heights greater than 18 cm. Another investigation on 
upward fire spread over textiles also showed a very short initial laminar period 
(Markstein and de Ris, 1973). 
2.4.2.2 Experimental Observations on Laminar and Turbulent Flames on Vertical 
Fuel Surfaces 
Before 1980, the research primarily focused on laminar flames only because they are 
steadier. When more complex situations (e.g. turbulent buoyant diffusion flame with 
radiation loss) were considered, the analytical solution of these theoretical models 
became much more difficult. Within the steadier combustion reacting region, the 
flammable fuel vapours can mix better with the oxidiser, and the completeness of 
combustion is expected to be high. Therefore, even for carbon-rich materials, not much 
soot is produced as the flame is laminar. Thus there is not much radiation present. 
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However, when the flame grows upwards, more turbulence is observed. The subsequent 
lower degree of completeness of turbulent combustion thus results in more radiation 
(Drysdale, 1998). 
Large-scale experiments performed with 4.5 cm thick, 41cm wide and 157cm high 
PMMA sheets (Orloff et al. 1974) have shown that the ratio of radiant heat release to the 
sum of radiation and convection is 69.2% at height of 38.1cm and increases to 80.9% at 
the height of 152.4cm. In addition, their measurement on the spread rate of the pyrolysis 
front showed that once the flow becomes turbulent, the spread rate is almost linearly 
dependent on the pyrolysis height, thereby implying a spread rate increasing 
exponentially with time. The turbulent flame height Xf was found to correlate with the 
pyrolysis height XP 
0.781 X I OCX p (2.3) 
Another series of experiments conducted by Orloff et al. (1976), focusing on burning 
rates per unit area in a large-scale vertical PMMA wall fire, also observed that radiative 
heat transfer accounts for from 75 to 87 % of the total feedback to the burning surface 
with height from 0.51 to 3.56m. They found the burning rate per unit area increases 
nearly linearly with height along the 3.56m high slab. The higher burning rate on higher 
portion of the slab can be explained because the flame was thicker. de Ris and Orloff's 
study (1974) using a gas-supplied burner also observed a strong increase of the ratio of 
radiant to total heat transfer to fuel when the flame is growing, suggesting the dominance 
of radiation in upward turbulent burning of most practical fuels. 
For non carbon-rich materials, however, experiments by Ahmad and Faeth (1978) on 51-
305 mm high wicks soaked with methanol, ethanol and 1-propanol demonstrated a 
different heat transfer behaviour. Only 10-20% of the heat flux to the surface is through 
radiation. This investigation confirmed that for non carbon-rich materials, convection is 
always the dominant heat transfer mode to the fuel no matter whether the flame is 
laminar and turbulent. This is a result of low soot content of the flames. 
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2.4.2.3 Early Theoretical Analysis of Turbulent Flames on Vertical Fuel Surfaces 
The transport processes controlling the upward flame spread was simulated by Markstein 
and de Ris (1973) by utilising the measurement of mass- and heat-transfer rates obtained 
from a steady-state gas burner. Five assumptions were made to simplify the complexity 
of the upward flame problem: 1) two-dimensionality of flow, 2) neglect of gas-phase 
chemical kinetic phenomena, which are not rate-controlling for moderate and rapid 
upward spread, 3) neglect of details of pyrolysis, 4) neglect of edge-spread phenomena, 
and 5) neglect of detailed effects of fuel construction. Finally, a power law relationship 
between pyrolysis spread rate V4f and pyrolysis length X, was found (Equation 2.4), 





After the paper of Sibulkin et al. (1975) noticed that the flame spreading problem can be 
conceptually divided into two parts, the determination of the flame spreading velocity for 
a specified surface heat flux distribution and that of heat flux for a given burning 
configuration, Sibulkin and Kim (1977) presented solutions for flame spread rate for 
upward burning of finite slabs and rods and for a semi-finite fuel bed given distributions 
of surface heat flux. It became necessary to specify values of heat flux distribution and 
heating extent on the unburned region ahead of the pyrolysis area, however, there was no 
theory or sufficient data to determine these two parameters from the fuel geometry and 
properties. A "forward heat transfer parameter" 0, the ratio of the forward heat transfer 
(per unit width) j '  to the RHR by combustion (per unit width) i.H, was consequently 






=O.13 was measured for PMMA and it is implied that there is a critical value of 0, 
given by the specific heat, heat of combustion and difference of the ambient to its 
pyrolysis temperature of fuel, over which the flame accelerates as it propagates upwards 
and below which a steady solution exists. 
An accurate treatment of the radiative processes remained the condition for achieving 
success of modelling turbulent wall fires. Two flame radiation models developed by 
Tamanini (1978) were input in a modified k-E-g model of turbulence to calculate the rate 
of burning of large-scale vertical walls. The k-e-g procedure was generated by the 
introduction of algebraic formulae for the stresses and the mass/energy turbulent fluxes, 
and by the use of wall correction factors. The two models were produced by adopting one 
of these two scenarios: 1) the radiated power is a constant fraction of the energy liberated 
per unit time by chemical reaction; and 2) radiation is emitted by a thin, constant-
temperature layer of soot particles at the flame fronts in addition to assuming a constant 
temperature soot and the most radiation emission by soot near the flame front. The 
prediction of the k-E-g model of turbulence demonstrated fairly good agreement 
compared with the experimental data of PMMA (Orloff et al., 1976) especially as 
adopting the latter radiation model. In addition, calculated values for amount of unburned 
fuel, entrainment coefficient, contribution by radiation to total wall flux and fuel mass 
fraction at the wall were also reported as a function of height along the wall. During the 
past twenty years, great progress has been made to better calculate the radiation in a fire, 
which is reviewed by Cox (1995) and Cox and Kumar (2000). 
A study published by Delichatsios (1982) of turbulent convective flows and burning on 
vertical walls provided a great contribution towards understanding turbulent wall flows 
although it was not a flame spread model. He focused on a burning wall without 
appreciable radiation and noted that a model for turbulent wall flows dominated by 
buoyancy forces (e.g. natural convective flows, wall burning and flows with constant 
buoyancy flux) was not yet available. In contrast to turbulent free flows in which self-
similar flow is maintained (Delichatsios, 1981), the presence of the wall precludes the 
self-similar flow, causing various coefficients in integral models with the variation of the 
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downstream distance and with the thermal boundary conditions on the wall. He proposed 
a two-turbulent-layer model which incorporates explicitly the wall effects by dividing the 
flow into two parts: an inner turbulent flow close to the wall, and the outer turbulent flow 
which is similar to a free flow. His prediction was in excellent agreement with Ahmed 
and Faeth's (1979) and Tamanini and Ahmad's (1979) measurements of wall fires fuelled 
by methanol, ethanol and ethane. But the author criticised Ahmad and Faeth's model 
(1979) for failing to include the distinct effects of buoyancy on the flow close to the wall. 
Loh and Fern andez-Pello's study (1983) examined de Ris' assumption (de Ris, 1968) of 
ignoring chemical reaction kinetics as they studied the dependence of the spread rate of 
the pyrolysis front on the velocity and oxygen concentration of a concurrent forced flow. 
Their measurements obtained for flames spreading over thick PMMA sheets in a flat 
plate flow configuration showed that the spread rate of pyrolysis front on different 
environmental conditions can be correlated in terms of a non-dimensional parameter 
(Equation 2.6) equal to a constant. 




where V,, is the rate of spread of the pyrolysis front, u00 is the free stream gas velocity, T1 
is the adiabatic flame temperature, Tig and To, are the pyrolysis and initial temperatures of 
PMMA. This correlation shows that the flame spread process is primarily controlled by 
heat transfer mechanism, since no finite rate kinetic terms appear in the correlation. In 
addition, the comparison of model predictions and experimental results seemed to accept 
the validity of ignoring chemical reaction kinetics in concurrent flame spread mode. 
Review papers published by Fernandez-Pello and co-workers (1983, 1984) summarised 
the state of the understanding of flame spread in the early 1980s. Based on the advances 
in the experimental study of the mechanisms controlling flame spread over the surface of 
combustible solids, Fernandez-Pello and Hirano (1983) noted the heat transfer and gas 
phase chemical kinetic aspects are the two important mechanisms of the flame spread 
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process. Focusing on flame spread in oxidising flows that oppose or concur with the 
direction of propagation, the authors concluded that concurrent flame spread is primarily 
controlled by the rate of heat transfer by radiation and convection from the downstream 
flame to the unburned fuel. Thus the rate of concurrent flame spread depends on how 
quickly the surface temperature of unburned fuel can be raised to its pyrolysis 
temperature, which depends on the length of the flame and the heat flux from the flame to 
the unburned surface. 
Fernandez-Pello (1984) presented a summary of the modelling status in the early 1980s 
of the phenomena of the spread of flames over the surface of solid combustibles. 
Concurrent flame spread is a special case. He described " At present there is a good 
understanding of what are the controlling mechanisms and what is a necessary formation 
to develop a rigorous analysis. The problem is very complicated and difficult to solve 
mathematically if an analytical solution is sought. The formation of a rigorous 
mathematical model of the flame spread process would consist of the conservation 
equations through the appropriate boundary conditions. This would require the solution 
of a system of coupled, two-dimensional, elliptic, non-linear partial differential equations 
that would include variable material properties, appropriated gas phase chemical kinetics 
and solid phase pyrolysis mechanisms." These difficulties have been examined in more 
detail in recent years (Fernandez-Pello, 1995). 
Due to the difficulties of seeking a solution, different levels of simplifications were 
applied. Most of these models assumed the rate of the chemical reaction is infinite. 
These models can be classified as heat transfer models since they did not address 
chemical kinetic effects. The assumption is very reasonable especially as applied in 
concurrent flame spread modelling because the rate of chemical kinetics is very fast 
compared with the heat transfer processes. 
The mathematical problem describing the heat transfer mode of concurrent flame spread 
basically consists in the solution of solid and gas phase energy equations. In the solid 
phase, the normal temperature gradients are much larger than the longitudinal ones, and 
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the one dimensional, transient form of the energy equations is sufficient to describe the 
solid phase process. An exception is the charring of materials because the char and the 
virgin material have different densities and the interface between the char and the virgin 
material varies with time, which results in great difficulty in solving equations. In the gas 
phase, an analysis would provide the heat flux at the solid-gas interface, a boundary 
condition that is essential for the accurate determination of the rate of flame spread. 
However, the gas phase problem is not always solved rigorously to deduce the boundary 
conditions for the solid phase analysis. Experimental information or expressions from 
steady burning surface analyses were used for these boundary conditions (Sibulkin and 
Kim, 1977, Markstein and de Ris, 1973, Orloff et al., 1974, Annamalai and Sibulkin, 
1979). 
The author concluded that in realistic conditions, material properties, finite rate of 
kinetics, turbulence and radiation effects influence the spreading process and rigorous 
solutions were still difficult to achieve. However, the feedback from experimental 
information or engineering analyses can improve the modelling work. Fernandez-Pello 
and Quintiere (1982) provided a good example depending on material testing data to 
determine unknown or semi-empirical parameters to predict the behaviour of concurrent 
flame spread. 
2.4.2.4 Concluding Remarks 
In the early 1980s, the heat transfer behaviour has been demonstrated to be the only 
important mechanism for upward flame spread, a typical concurrent flame spread. 
Therefore, integrating and developing formations of the intensity and extent of the heat 
transfer effect, i.e. the heat flux and flame height in upward flame spread modelling, 
became important. Several models, e.g. Karlsson, 1993; Grant and Drysdale, 1995 
(details in Sec. 2.4.5.1) have been developed, applying the correlations of these two 
parameters. A reliable expression is needed for the modelling work. In addition, models 
need the properties of combustible materials as input. Several small-scale tests have been 
developed to provide information. 
In the following sections, the flame height and heat flux will be reviewed first because of 
their usage in the new approach of modelling work which will be introduced afterwards. 
2.4.3 Flame Height 
Flame is the luminous portion of the volume within which combustion is occurring. Thus 
flame height could be inferred as the vertical visible extent of the gas phase burning 
process. Because the flame height determines the extent of heating above the burning 
area, determination of flame height has become an important issue of fire safety 
engineering. 
Thomas et al. (1961) attempted to explore the relationship between flame height from a 
given fire and the fuel characteristics and dimensions of the fire. They measured the 
height of the external flames from burning wood cribs on a square horizontal base, inside 
a cubical, open-sided enclosure and also flame heights on strips of hanging fabric. They 
noted that for a freely burning fuel, buoyancy plays an important role in determining 
flame height. Their results showed that a functional relationship (Equation 2.7) exists for 
the first case: burning cribs of wood on a square horizontal base although weaker 
relations were proposed for the other two scenarios. 
x. 
i -J f( 	
) 
D gD 5 
(2.7) 
where XJ iS flame height, D is the dimension of a fire, Q is the RHR of the fire. This is 
different from the previous finding that X/D is a constant for turbulent, high momentum 
fuel jets (Hottel and Hawthorne, 1949), demonstrating a limiting case of the (Q 2/D5) 
relation. 
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2.4.3.1 Previous Theoretical and Experimental Investigations 
Several theoretical analyses for the flame height of wall fires have been conducted and 
have led to correlations (Delichatsios, 1984; Quintiere et at., 1986; Eklund, 1986). 
Delichatsios (1984) extended his postulate (Delichatsios, 1983) to the cases of free 
turbulent line plumes and two-dimensional turbulent wall fires that flame heights in 
buoyant diffusion flames (laminar or turbulent) are essential independent of the 
stoichiometry and only dependent on total heat release rate. Following the physical 
arguments of the effect of buoyancy and the mass flow rate at flame tips where the 
convective heat release rate is enough to enhance the temperature of the mixture of fuel 
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where Xf is the flame height, Q' is the RHR per unit width of the material. 
The flame height expression was supported by experimental results (Steward, 1964; 
Orloff et at., 1977). 
In addition, the author presented an integral model for predicting flame heights in vertical 
wall fires. He assumed that, above the flame tip, burning is complete so heat is 
transferred only by convection. For sooty flames, the convective heat flux is an order of 
magnitude less than the radiant heat flux so the heating of the wall surface above the 
flame tip was neglected. Moreover, conceptually, flame height was determined as the 
vertical position where the fuel concentration is zero. Introducing radiation empirically as 
an external input to the model, the pyrolysis rates in PMMA fires, the flow in an ethane 
wall fire dominated by radiation and the flame height in PMMA fires and in small 
turbulent convective fires can be predicted fairly well. 
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Quintiere et al. (1986) also derived an expression for flame height by assuming that a 
flame extends until the fuel is completely consumed. That is, the entrainment rate of air 
primarily controls the flame height. They demonstrated that flame heights of wall fires 
are proportional to the energy release rate per unit width in a 2/3 power law (n =2/3 in 
Equation 2.9). 
X 1 = KQ" 
	
(2.9) 
Aeklund (1986) discussed the flame height phenomenon from another viewpoint 
addressing flame as a region of intense vorticity generation. He considered the flame tip 
occurs when enough oxygen has been brought into the flame to combust the burning wall 
volatiles at a stoichiometric ratio and the oxygen induced into the flame is related to the 
vortex strength of the flame. Although this assumption is far too simplistic (much more 
air is entrained than is needed to burn the volatiles), he established a two-dimensional 
vortex model which was able to predict the flame height. 
2/3 
X 1 = 5.0 	 (2.10) 
pQCT()g 1/2 
where 'is the RHR per unit width of the material 
All of these studies concluded that the flame height is proportional to the rate of heat 
release per unit width in a two-thirds power law (n=2/3 in Equation 2.9). 
Several experimental investigations (Orloff et al., 1974, Hasemi, 1984, Saito et al., 1985, 
Quintiere et al., 1986, Sugawa, 1991, Tu and Quintiere, 1991, Coutin et at., 1999) using 
different experimental rigs have also been carried out to analyse the flame height 
phenomenon. A comparison of these experiments is given in Table 2. 1, showing the type 
of fire (linear burner or wall fire; whether steady or spreading fires, laminar or turbulent), 
the geometric configuration and whether or not sidewalls were present. These 
experiments can be classified into three types: (1) linear fires produced by line burners 
31 
against a wall, and (2) wall fires produced by vertical gas burners, and (3) vertical 
burning fuels in which the rate of mass loss was measured or estimated and the heat of 
combustion assumed to be constant. 
(1) Linear fires produced by line burners against a wall 
Porous line burners against isothermal and thermally thin walls were used in studies by 
Hasemi (1984) and Sugawa et al. (1991) to simulate the wall fires. In Hasemi's study 
(1984), the burner dimensions (width (D) x length (L)) were 0.0375m x 0.27m, 0.82m x 
0.27m, and 0.0075m x 0.92m, where D was taken as the characteristic dimension) were 
used and sidewalls were present in his isothermal wall case to help maintain a two-
dimensional flow but not in the thin wall case to help maintain two-dimensional flow. 
Sidewalls are not mentioned in Sugawa's study (1991). By changing the rate of supply of 
gaseous fuel, different rates of heat release were simulated. The corresponding heights of 
the flame tips were determined from video recordings. The rate of heat release (RHR) 




where ,n' is the rate of supply of fuel (per unit width of burner) (kg/m.$) and /HC  is its 
heat of combustion (kJ/kg). 
A dimensionless RHR parameter 
Q;* = 
P C 1,T,g"2 D 3"2 
 was found to determine the 





where X 1 is the flame height, D is a characteristic length and y  is a constant. In 
Hasemi's study (1984), for Q;* > 1, n= 2/3 and 6.0. For 0,' * < I , n— 0.8. In Sugawa's 
study (1991), n was confirmed experimentally to be 2/3 in the range 5 < Q t  <20. 
Table 2.1 Flame situations (line or wall fires; steady or spreading flames; 
laminar or turbulent), geometric configuration and sidewall effects of previous 
experimental set-ups on flame height correlations. 
Line Geometric Laminar Spreading Sidewall Method 
or configuration or or steady used to 
wall turbulent flame obtain 
fire 
Hasemi (1985) line without floor - steady yes Mlc(E) 
fires but with a line in' (C) 
burner below (Eqn.2.6) 
burning slabs  
Sugawa et at. line with floor - steady no 4Hc(E) 
(1991) fires ñi'(C) 
(Egn.2.6) 
Coutin et at. wall without floor turbulent steady entirely, 1Hc(E) 





Quintiere et at. wall without floor turbulent spreading yes 
" (B) 
(1986) fires but with a line (*) q n 2 9 
burner below  
burning slabs  
Tu and wall without floor turbulent spreading yes AHc(E) 
Quintiere fires but with a line ," (M) 
(1991) burner below (Eqn.2.10) 
burning slabs  
SQW (1985) wall with floor turbulent spreading no AHc(E) 
fires th"(E) 
(Egn.2. 10) 
Orloff et at. wall with floor from spreading yes - 
(1974) fires laminar 
to 
turbulent  
(*) The flame produced was spreading but measurements were carried out as it became 
steady. 
(**) (E), estimated; (C), controlled (gas flow); (M) ,measured 
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previous flare height correlations (gas burner line fires) 
10  
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Hasemi's data (1984) with natural gas and other gaseous fuels were interpreted by Tu and 
Quintiere (1991): the results are plotted in Figure 2.4 and show the following correlation: 
X1 = 0.032Q'°7 
	
(2.13) 
The r2 value is 0.89. The value of n is appreciably greater than the expected value of 2/3 
derived from theoretical analyses. 
Fig.2.4 Previous flame height correlations carried out with gas burner line fires by 
Hasemi (1985), SQW (1985) and Kulkarni (SQW and Kulkarni's data were 
interpreted from Tu and Quintiere's study (1991)). 
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In the study of Sugawa et al. (1991), four methods to determine the visible flame heights 
were discussed, i.e. (1) infrared images, (2) judgement by eye, (3) normal photographs 
and (4) video tape recordings. The results according to these four methods were 
compared with one another. The flame heights depend strongly on the definition and the 
observation or record methods. To use an infrared camera, a minimum temperature of 
flame has to be determined first and the highest position of the temperature contour line 
was defined as the flame tip. In their study, this was 250 0C. An agreement was showed 
between the results carried out by these four methods. However, personal difference in 
eye-averaged flame heights seemed to be unavoidable. 
Wall fires produced by vertical gas burners 
Wall fires were simulated by vertical gas burners in the form of flat panels by Coutin et 
al. (1999). The burner width was fixed at 0.4 m and the burner height was set at 0.25, 0.5 
and 1 m. Three configurations were studied with their measurement: (a) The burning 
wall was entirely confined by two sidewalls, (b) The burner was partially confined over 
its lower part and (c) Unconfined. The Q' was calculated using Equation 2.11. A new 
and objective methodology using a CCD camera was applied to map flame luminosity. 
They observed that the flame height is sensitive to the geometric configuration. 
Pyrolysis height and burner width seemed to affect the flame height correlation. 
However, no systematic measurements were made and no clear conclusions were drawn. 
Vertical burning fuels, assuming a constant heat of combustion 
Flame height measurements on 28.4 cm square samples of burning materials in a vertical 
orientation were made by Quintiere et al. (1986). A pilot ignition flame was placed at the 
base and sidewalls were provided to prevent lateral air entrainment. By exposing the 
samples to different levels of external radiation, various solid fuel burning rates could be 
simulated. Once steady burning had been achieved, the flame height was measured. 
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Assuming a constant heat of combustion, RHR per unit width was calculated by 
following Equation 2.14. 
= 	 (2.14) 
where Q" is the RHR per unit surface area. Their data followed the 2/3 power law (see 
Equation 2.9) although there was considerable scatter. Tu and Quintiere (1991) modified 
the experimental rig to allow the measurement of transient mass loss rate and the 
corresponding flame height for both charring and non-charring materials (PMMA and 
wood; 28.5 cm wide and 29.5 cm high). Using Equation 2.15,and then Equation 2.14, 
QU  rh"iIJ 
	
(2.15) 
the flame height correlation was found to obey the 2/3 power law, but the value of K 
(flame height constant in Equation 2.9) was higher than for the results obtained from line 
fires against a wall (Hasemi, 1984). Figure 2.4 compares the data of Quintiere et al. 
(1986) and Tu and Quintiere (1991). The best fit still follows Equation 2.9 with a 
correlation coefficient of 0.79, but with n = 0.58. 
X1 = 0.09Q' °58 
	
(2.16) 
Orloff et at. (1974) and Saito et at. (SQW) (1985) also measured flame heights but used 
PMMA sheets up to 150 cm in height. In both of these studies, line burners were adopted 
to ignite the lowest edge of samples, but sidewalls were only used by Orloff et al. (1974). 
One significant difference from the earlier work was the presence of a floor which would 
have altered the mode of air entrainment at the base of the "wall". The flame height of the 
spreading flame was correlated in SQW's study (1985) by calculating the RHR per unit 
width from the estimated fuel supply rate and heat of combustion (Equation 2.15 and then 
2.14). The flame height correlation obeyed Equation 2.9, but with a higher value of n 
than that obtained from steady burning experiments (Quintiere et at., 1986). This can 
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been seen in Figure 2.5 which compares all of the above correlations. The higher power 
may be a result of the higher pyrolysis rates achieved in the upper part of the pyrolysing 
fuel during the spreading process (Saito et al., 1985, Orloff et al., 1974). It was also 
noted that the presence of sidewalls increased the length of the flames because two-
dimensional flow patterns were maintained (Saito etal., 1985). 
Fig.2.5 - Previous flame height correlations carried out with burning solid fuels by 
Tu and Quintiere (1991), Quintiere et al (QHH) (1986) and Harkleroad (interpreted 
from (Tu and Quintiere,1991)). 
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2.4.4 Heat Transfer from Flame to Unburned Surfaces 
The wall flame heat flux distribution was measured by Hasemi (1984, 1985) by using 
porous, methane line burners (30cm long, 3.7 or 8.2cm wide) against an isothermal wall 
and methane line burner (92 cm long and 7.5cm wide) against thermally thin walls. The 
isothermal wall case adopted sidewalls but without a floor present. On the contrary, the 
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thin wall case was conducted with a floor present but without using sidewalls. Using line 
burners, he noted that the behaviour of flames near the burners may be different from that 
of vertical fuels. However, after comparing his data with others (Ahmad and Faeth, 1978, 
Liburdy and Faeth, 1978), very consistent correlations were made lying in four distinct 
regions by utilising the same parameter characterising the visible flame heights of gas 
burner line fires, Q* Q1/p0 CT(,g"2D3"2. 
Xi 	2'3D!!~ 1 (lower part of the solid flame) 
jw" tends to increase with height. 
1..!~  Xi Q* 213D!!~ 2.8 (upper part of the solid flame) 
iJw is apparently constant, and it appears to be a weakly increasing function of 
Q;* The 
flame thickness is almost constant with height. 
2.8:!~ X1 0 1  213D~ 10 (transition region) 
The slope is the steepest among the four regions with all the data points falling onto 
45 (XI 	2/3 D) 5'2 	 (2.17) 
10!!
~ X/Q,* 2"3D (buoyant plume region) 
The heat flux here can be correlated by 
	
JW = 2.5(x/Q; 3 D) -1.3 	 (2.18) 
Quintiere et al. (1986) also took heat flux measurement along with their flame height 
work with 28.5x 28.5cm burning surfaces (PMMA, rigid form, carpet, flexible form, 
aircraft panel and particle board). Heat flux meters were flush mounted on the centreline 
of a contiguous water-cooled plate which was located above the samples. Cooled side-
plates were also included to form a channel and restrict side flow into the flames and 
preserve two-dimensionality of the boundary layer flow over the plate. Their results were 
plotted in terms of Xixf and were very consistent with Hasemi's correlations plotted in 
the same format (1985). 
Quintiere and Cleary (1994) used dimensional analysis to examine heat transfer from 
flame to vertical surfaces. Configurations included a line fire against a wall, a square 
burner flame against a wall and in a corner, and window flames impinging on a wall. 
Their discussion began with the expression of total heat flux cw"combined by two heat 
transfer modes, convective ijwc and radiative ijwr" . After employing several other 
correlations, dimensional or dimensionless, the heat flux can be expressed as a function 
of X/X f, YIX f, Xf ID and icD where X, Y are vertical and horizontal distances, X1 is flame 
length, D is burner dimension and K is the flame absorption coefficient. 
Their analysis suggested that the heat flux distribution is similar with distance from the 
source normalised with flame length (x/X1) after examining previous data of methane line 
burner fire (Hasemi, 1985), liquid saturated wall fires (Ahmad and Faeth, 1979) and 
burning wall materials (Quintiere et al., 1986). In addition, they found the maximum 
flame heat flux (occurring at X/Xf  = 0.2-0.3) is about 30 kW/m 2 for flame as high as 2 m. 
Brehob et al. (2001) suggested another dimensionless format expressing the heat flux 








where Jwo" is the maximum heat feedback from flames to surface and the decay factor C(, 
was determined to be 1.37. The correlation allows determination of 'w" based on a 
single value of wo" which they suggested may be treated as a "fire property" of the wall 
material. 
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2.4.4.1 The Averaged Heat Flux from Flame to Unburned Surfaces 
Recent modelling work for upward flame spread on flat surfaces will be reviewed in the 
next section. Most of the models considered the heat flux correlation but to simplify the 
problem assumed the ."to be constant over the preheating region and then zero above 
(Saito et al., 1985; Mowrer and Williamson, 1991; Delichatsios et al., 1991; Delichatsios 
and Delichatsios, 1991; Delichatsios and Chen, 1995; Grant and Drysdale, 1995; 
Anderson et al., 1996; Kokkala et al., 1997; Qian and Saito, 1997; Quintiere and Lee, 
1998). Saito et al. (1985) used 25 kW/m 2 as the constant heat flux exposed from which 
mass loss rate was deduced for their steady-state model. Good consistency has been 
shown with their PMMA flame spread rate measurement. Mowrer and Williamson 
(1991) chose 30 kW/m 2 as the irradiance of the Cone Calorimeter under which material 
flammability properties were carried out. In addition, they chose 50 kW/m 2 to obtain the 
data of burning duration time. Delichatsios and co-workers (1991) also adopted 30 
kW/m2 to be the fixed total flame heat flux of burning walls with flame heights shorter 
than 1.5 m in their Upward Fire Spread and Growth (UFSG) code, and considered 
radiative and convective heat transfer separately for flames higher than 1.5 m. However, 
25 kW/m2 was used in their projects concerning PE/PVC cables (1995) and charring 
materials (1995). In addition, Grant and Drysdale (1995) took the average of the heat 
flux measured with their tests on cardboard, and suggested 20 kW/m 2 to represent the 
heating scenario. Applying the Grant and Drysdale model, Anderson etal. (1996) used 35 
kW/m2 as the constant heat flux for hardboard, plywood and wallpaper covered wood 
surfaces. But 25 kW/m 2 was chosen again in the modelling work of Kokkala et al. 
(1997), which focused on wood surface products, Qian and Saito (1997) which analysed 
the difference of the heat feedback over vertical flat and corner walls, and Quintiere and 
Lee (1998) which assessed ignitor and thickness effects on upward flame spread. Table 
2.2 summarises the representative heat flux chosen by these models. 
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Table 2.2- The summary of the representative heat flux in preheating zone (Fig. 2.3) 
chosen by upward flame spread models 
Heat flux chosen 
Modelling work 
(kW/m2) 
Saito et al. (1985) 25 
50 for obtaining burning  
Mowrer and Williamson (199 1) 30 
duration time data 
Delichatsios et al. (1991) 30 
Delichatsios and Delichatsios 
25 
(1995) 
Delichatsios and Chen (1995) 25 
Averaged value during the  
Grant and Drysdale (1995) 20 
whole burning process 
Anderson etal. (1996) 35 
Kokkala etal. (1997) 25 
Qian and Saito (1997) 25 
Quintiere and Lee (1998) 25 
2.4.5 New Approaches for Upward Flame Spread Modelling 
In Sec. 2.4.2.4, a review of the state of art of modelling upward flame spread in the early 
1980s identified two major points. First, the heat transfer behaviour has been 
demonstrated to be the dominant mechanism of upward flame spread. The intensity and 
extent of the heat transfer effect, i.e. the heat flux and flame height, are two important 
parameters. Second, it was difficult to quantify material properties, finite rate of 
kinetics, turbulence and radiation effects influencing the spreading process in realistic 
conditions and to achieve rigorous solutions. Experimental data became the alternative 
input to provide unknown or semi-empirical parameters. Fernandez-Pello and Quintiere 
(1982) demonstrated a good example depending on material testing to predict the 
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behaviour of concurrent flame spread. In addition, several small-scale tests have been 
developed to provide information for the modelling work and for practical selection of 
materials. Models based on the thermal theory of Saito et al. (1985) are discussed first 
(Sec.2.4.5. 1), then alternative approaches are considered (Sec.2.4.5.2- 2.4.5.5). 
2.4.5.1 Modelling Work Initiated by the Thermal Theory of Saito et al. (1985) 
SQW's approach 
A thermal theory of steady-state upward flame spread discussed by Saito et al. (SQW) 
provided a conceptually new approach to the modelling work. Several assumptions were 
made in their thermal theory: 
The material is homogeneous and its thermal properties are constant with 
temperature. 
The responsible energy flux for spread, both radiative and convective, occurs to be 
approximately 25 kW/m2 for (X <X <X1 ), which was observed by Quintiere et 
al. (1986) andXp is the height of the pyrolysis front, and 0 kW/m 2 for X>Xf  
where X1 is the height of flame tips, 
(Xj - X) remains approximately constant during spread, and the upward flame 
spread rate is 
Vp = 4i1" 2 (X1 - Xp)/[IVJCpC(Ti g T0)2] 	 (2.20) 
where k, p and c are the thermal conductivity, density and heat capacity, respectively, of 
the fuel and T0 and Tig  are the ambient and ignition (or pyrolysis) temperatures of the 
fuel. Equ.2.20 can be rewritten as 
V=(X—X)/'r 	 (2.21) 
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4. As a simplification for describing time dependent spread, this expression continues to 
apply with (Xi - )) variable and that remains an approximately constant time 
characteristic of upward spread. 
Equ. 2.21 needs expressions of the time to ignition 'r flame height and pyrolysis height. 'r 
depends on fuel properties, the ambient temperature and the level of the heat flux to the 
fuel from the flame. Xp and Xi can be expressed as: 
XP = X0 + JVp(tp)dtp 
	 (2.23) 
where X0 is the value of Xp at an initial time t=O and tp is the dummy variable of 
integration, and 
Xj = K[Qb'+AHJthdxi" 
	
(2.24) 
where Qh' is the RHR per unit width of the burner used, AH is the heat release per unit 
mass of fuel consumed, th" is the mass loss rate per unit area of the fuel, n and K are 
constants. 




=[K(Qh'+Q"Xp)" X]/ 	 (2.25) 
dt 
where 't, n, K and 0" (= MJth") are taken as known constants, and Qh' is a known, 
"adjustable" function of time. Solving the integral equation Equation 2.25, the position 
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of X, can be predicted. However, for charring materials, more expressions have to be 
involved because of the variation of ñ'. 
Kulkarni and Fischer's model 
Kulkarni and Fischer (1989) extended SQW's theory to accept an arbitrarily specified 
local mass loss rate as a function of time and allowed the power n of the flame height 
correlation (Equation 2.24) not equal to unity, unlike previous model in which n was set 
equal to unity to simplify analysis. 
Their mass loss rate data was obtained by a load cell continuously recording the weight 
of the sample. Other inputs to the model were kpc , ignition temperature Tig and heat of 
combustion i,J-I, which was determined using a Cone Calorimeter. 
Thomas's Analysis 
Thomas (1994) further discussed SQW's theory focusing on the flame height correlation. 
A difference appears of the power n of the correlation (Equ. 2.9) used in upward flame 
spread modelling: between 2/3 and unity. From the theories and experimental data 
(Section. 2.4.3), 2/3 is the power which should be used. However, for any real positive 
Oh ' , 0" (= MIñ') and K213, there is a value of X1 , at which (dX)/(dt) becomes zero 
(Equ.2.25 with n =2/3). The models based on the 2/3 power law always predict 
extinction whilst those based on the unity power law permit the possibility of exponential 
acceleration. 
His analysis noticed that the power n plays a critical role as the integral (Equ.2.25) is 
solved. After introducing wall friction, burnout at the rear and a finite width of burning, 
the flame continues to spread without extinction. 
MI I 
The progress made by Mowrer and Williamson (1991) 
Mowrer and Williamson (1991) developed another model following SQW's thermal 
theory by including the consideration of burnout. Once burnout commences, the rate of 
fuel burnout can be expressed as: 
Vh = ( Xv — Xh)/tbo 
	 (2.26) 
where Xh is the position of burnout front and tb,  is the burning duration. A linearised 
flame length approximation was used following Quintiere et al. (1986), SQW (1985) and 




where Kf is a constant and Q" is the RHR per unit area of fuel. After burnout begins, the 
dimensionless flame length is expressed as: 
Xf  - Xb  
X 	
= KjQ" 	 (2.28) 
—Xh 
Finally, before burnout commences, 
X, = X,0 exp[(KjQ"— 1)t / 	 (2.29) 
where 'r is time to ignition. The flame spread rate will be acceleratory if Xf > Xp and 
deceleratory if Xi< Xp , i.e., if K1Q"<l. 
After burnout begins, 





Where Xj -o is the flame height at t=0 and tb is the time to burnout, if the parameter 
>1, acceleratory spread is predicted. 
tho 
The Cone Calorimeter was used, however, only for determining flammability parameters 
Q", tf, tb and tb41 . The irradiance level of the cone heater was determined to be 30 kW/m 2 
for the flame spread on flat vertical surfaces and 50 kW/m 2 for larger scale room/corner 
tests. 
Karisson's model 
Karisson (1993) combined the thermal theory of concurrent flame spread developed by 
Saito, Quintiere and Williams (SQW) (1985) with empirical flame height correlations and 
pioneered the use of RHR data from the Cone Calorimeter to produce an approximate 
method for predicting fire growth in a corner configuration. Full details will be shown in 
Sec. 2.5 discussing upward flame spread in a corner, but the assumptions were as 
follows: 
The material is thermally thick, homogeneous and its thermal properties are constant 
with temperature. 
Chemical kinetics is excluded. 
The flame length, Xf, depends on a power of ', the total heat release rate per unit 
width. 
Heat flux from the flame is constant only within the region X < X <Xf. 
He obtained the following expression for the upward flame velocity (an integral equation 
of the Volterra type (second kind)): 
V(t) = [K{X Q" (t) + J Q" (t—t )V(t )dt I n —(X + JV(t 
0 	0 	p 	p p 	p0 0 	
)dt)Il 	(2.31) 
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where V(t) is the flame spread rate, 'C is the ignition delay time, Xp() is the initial burning 
region, K and n are constants, t is time, j is the dummy variable of integration and Q(t) 
is the rate of heat release (RHR) from the burning material expressed mathematically as 
(2.32) 
where QL is the maximum value of the RHR from the Cone Calorimeter at 30 kW/m 2 , 
and 2 is the decay coefficient, determined empirically from the RHR data (Fig.2.6). By 
solving Equation 2.31 analytically, the rate of flame spread can be predicted. 






Grant and Drysdale's Model 
In the Karisson model, burnout is not considered. Grant and Drysdale (1995) developed 
the model further not only to include burnout, but also to allow the heat release rate data 
from the Cone Calorimeter to be used directly as input, without using the approximate 
form as given in Equation 2.32. This resolves the problem which arises if the RHR data 
cannot be approximated by this equation which assumed that the RHR reaches its 
maximum value as soon as the sample is ignited, then decreases with a decay coefficient 
A. 
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Before burnout occurs, the expression for the flame spread rate is given by Equation 
(2.31), but after burnout occurs, the velocity becomes, 
	
t 	 t 
V(t)=--[K{ 5 (t—t )V(t )dt 	 J V(t )dt )l 	(2.33) 
where tb is the burnout time. The integral equations (Equations 2.31 and 2.33) (Volterra 
type, second kind) were solved numerically. 
The Cone Calorimeter tests were carried out at an irradiance of 20 kW/m 2, the average of 
measured heat flux from flame to unburned surface of 7.5 mm thick cardboard. (This 
model will be used in this study to predict the flame spread rate of a wall fire and details 
of this model will be discussed again in Chapter 4.) 
The Examination of Grant and Drysdale's model with other materials by Anderson 
eta! 
Anderson et al. (1996) used hardboard, plywood and wallpaper covered wood surfaces to 
examine Grant and Drysdale's model (1995). The irradiance of the cone heater was set 
up to be 35 kW/m2, which is higher than those determined by other researchers (Table 
2.2). In their study, very good agreement of flame spread rate predicted by Grant and 
Drysdale's model (1995) was found with experimental data, but the steady-state flame 
spread rate was not supported by measurement. 
Model Performance for Wood Products 
Kokkala et al. (1997) developed a model solving Equation 2.21 directly and examined 
this model with wood products. They showed in their large scale tests that the upward 
flame spread in a charring material proceeds in two phases. (1) After ignition the flame 
spreads first but it stops after a few minutes. Then the rate of heat release begins to 
decrease. (2) Once the heat wave reaches the rear surface, the insulation causes the 
interior temperatures to increase and the rate of heat release per unit area increases again 
making the flame spread further up the wall. In addition, the substrate behind the wall 
material had an effect on the heat release rate. 
2.4.5.2 Hasemi's Model 
Based on a concept of ignition and flame spread as a result of inert heating of the solid to 
an ignition temperature, Hasemi (1985) presented an engineering model of the upward 
turbulent flame spread on a vertical combustible surface. if the formation of char at the 
fuel surface is negligible, the surface temperature at X can be represented as 
T(X,t) - T0 = i 4-"(X,t- )(td'i 	 (2.34) 
where Tç(X, t) is the surface temperature at X, T0 is the initial temperature, ijw (X, t - ) is 
the heat flux applied to the surface at (t-r) after ignition, 0 (r) is an impulse response of 
the surface temperature to heat application and its functional form is dependent on wall 
conditions. The location of the pyrolysis front can be given as a function of time by 
solving Equation 2.35. 
Ti, T0 = Jctw"(X,t 'I)Ø(V)dr 	 (2.35) 
After ignoring surface reradiation for simplicity, expressing 0 ('r) =( 	for a semi- 
infinitely thick combustible wall and replacing i with Xi,, by r = X,/V, the upward flame 
spread rate V, can be solved as 
VP = (T(4." (4 + Xp)/)d}2 Ikpc(Tag T0) 2 	 (2.36) 
49 
where E is the height above the pyrolysis front. 
For thermally thin materials, 0 (r) was taken as exp(-h,t/cö) where h1 is the heat transfer 




+ Xp) exp(—hi IpcSV)d 	 (2.37) 
pcS(Ti g —T0) 
To solve the flame spread rate equations Equation 2.36 and 2.37, it appears that the value 
of " has to be estimated whist k, p, c, and Tig are material properties. The expression of 
was carried out by experiments and has been introduced in Section 2.4.4 described by 
Equations 2.17 and 2.18. The prediction by this model was found to be slightly higher 
than experimental data. The author's explanation was that a steady state flame spread 
rate was conducted which gives the upper limit of V1 , for growing wall flames. 
Hasemi and coworkers (1991) further worked on unsteady-state upward flame spread, 
noticing the steady state flame spread is somehow unusual since the nature of upward 
flame spread in unwanted fires is essentially transient. 
Because the distribution of the heat flux from flame to unburned surfaces can be related 
to flame height (Section 2.4.4, (Hasemi, 1985)) and V,,, and the distance of (X1 -Xe) are 
constant in steady state flame spread, the heat flux consequently can be expressed as a 
function of location within the preheating region. On the contrary, in unsteady state 
flame spread, the heat flux from the flame to the unburned surface should be expressed as 
a function of the ratio of the location and flame height. Therefore, different from 
Equation 2.35 for steady state burning, the location of pyrolysis front can be given by 
T O T0 = 5wU (XP  /Qi*213 )0(T)d 	 (2.38) 
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where Qi*is the parameter characterising flame height (Section 2.4.3.1) and E is the 
location of pyrolysis front at the time r, 
((Q , * 2/3 E,,) is a quantity proportional to flame 
height). The authors found that the only function satisfying Equation 2.31 is an 
exponential function, thus 
Xp = Xp. 	 (2.39) 
and 
V, = dX/dt = aX 	 (2.40) 
Equation 2.40 shows that the flame spread rate is not a constant and is related to Xi,. This 





Finally, the flame spread rate becomes 
VP- 
iricpc(Tig - T0)2 
[f 4." 1 exp(2) /Q*2/3 } / JTd2]2 	 (2.42) 
0 
where ?.= ln(X/X 0). The steady state flame spread rate can be written in a form 
comparable to Equation 2.42. 
VD 
VP 
- 	 [J(Q,*h 13 vI(2+11QI*213)1,Thd2]2 	 (2.43) 
7rlcpc(Tig— TO)  2 
The form of these two equations (Equations 2.42 and 2.43) is similar. 
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2.4.5.3 Mitler's Model 
Mitler (1990) started his model also with the concept of ignition and flame spread as a 
result of heating of an inert solid to an ignition temperature. The surface temperature of a 
semi-infinite slab was given by the same algorithm as Equation 2.35 in another form 
1 	ço(t')dt' 
T5 - T0 = ____ 
kpc fo 
(2.44) 
where p(t)is the uniform net heating flux, t is time and t' is the dummy integral variable. 
kpc was found from the LIFT apparatus (Quintiere and Harkleroad, 1985). 
Mitler (1990) described that the equation is the basis for most analytic approaches, and 
there are drawbacks in the approaches: a number of simplifying assumptions or 
transformations must be made. Some of these have been: linearised radiation loss, a 
constant heat flux in the preheating region up to the flame tip height and zero thereafter, 
temperature-independent kpc. 
In Mitler's model (1990), the heating flux ç(t) was expressed by the assumed linear 
superposition of the fluxes from the burner and from the wall fire. In addition, as in 
Hasemi's model (1985, 1991), flame height correlation as a function of Q' was needed to 
express the heat flux distribution. 
Following 
W 
={fth"(X)dX}MI 	 (2.45) 
where w is the width of the burning slab and th' is the mass loss rate. Mass loss rate 
became the parameter to determine the flame height and then heat flux. Mitler (1990) 
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provided two options for obtaining this n: the first option is to use the quasi-steady-state 
algorithm described by Mitler (1989), which is based on an energy balance at the surface. 
However, it requires data which are not always readily available, and it cannot handle 
heterogeneous, charring or composite materials. Also, transient pyrolysis and in-depth 
radiation absorption are neglected. The difficulties are largely avoided with the second 
option: to use experimental mass loss rates from the Cone Calorimeter as input, instead. 
The second approach automatically included the effects of charring, of transient heating, 
etc., to a first approximation. The mass loss rate found in this second option is obtained 
at one fixed irradiance. Mitler (1990) introduced arguments to allow the heating flux 
from the flame vary from point to point as well as being a function of time. The author 
reported that, compared with the results of PMMA experiments carried out by Orloff et 
al. (1974), good agreement was demonstrated applying both these two options. 
2.4.5.4 Delichatsios' Model 
The model of Delichatsios et al. (1991) also started with the concept of ignition and 
flame spread as a result of inert heating of the solid to an ignition temperature. They 
employed an exponential temperature profile across the wall, giving the temperature T at 
the depth Z during heat-up: 
	
T =To+(TsTo)e' 	 (2.46) 
and during pyrolysis: 
T = To + (T - To)e" 	 (2.47) 
where 6 is the thermal depth and 8 P  is the depth of pyrolysed material. 
6 and 6,  are determined by the heat flux to the unburned fuel " and material properties. 
The height of pyrolysis front can consequently be predicted by solving 1-D heat 
conduction equations derived from Equations 2.46 and 2.47. As in the models reviewed 
before, 4,- , was expressed in association with flame height Xf. The key flammability 
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properties of materials, that were required as an input to the upward flame spread model, 
were discussed by Delichatsios and Saito (1991), summarising the measurement methods 
and their interpretation. Very good agreement was shown with the experimental data of 
pyrolysis front history of PMMA wall fires (Orloff et al., 1974). 
The q; is related to the mass loss rate of the pyrolysing material. For steady-state (or 
quasi-steady) burning, 
th" 
= 	= 	i1w 11 
1Hg L+c(Tig To) 
(2.48) 
where /.%Hg is the effective heat of gasification for a thermally thick solid, L is the latent 
heat of pyrolysis. However, if the effect of transient pyrolysis is considered, Delichatsios 
and Delichatsios (1992) derived a new expression: 
rh" = 	fcn 
t — t(X) 	L 
(2.49) 
AHg 	t 1,(X)t 1 (X)'C(T jg —T(,) 
where t is time, t(X) is the time to pyrolysis, (tp-tf) is the time interval between the arrival 
of the flame front at the location X and the time at which the location X starts to 
pyrolysis. The effect of transient pyrolysis was demonstrated in their study of laminar 
upward flame spread on non-charring materials (Delichatsios and Delichatsios, 1992) and 
turbulent one on non-charring materials (Delichatsios et al., 1995). Upward flame spread 
on charring material and PE/PVC cables in a tray configuration were studied 
(Delichatsios and Chen, 1995; Delichatsios and Delichatsios, 1995). The upward flame 
spread rate on these special materials were carried out by means of a methodology 
determining material properties used in their upward flame spread model. 
2.4.5.5 Beyler et al.'s Model 
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In Beyler et al.'s model (1997), prior to ignition, the wall surface is assumed to be a 
semi-infinite one-dimensional slab with a time dependent surface heat flux determined 
from the wall and external sources. The conduction model used was an approximate 
solution to the semi-infinite slab problem using an assumed cubic temperature profile. 
The resulting temperature profile becomes: 
4 11 netö 	Z Tig To 	[l — --] 
3k 
(2.50) 
where ö is the thermal penetration depth and Z is the depth into the wall surface. The 
surface temperature at any time was then given by the following differential equations: 
dT. ( X , t) [T., (X , t) - T0] 2 d4i' net (X,t) - "net(X,t) 
2(T(X,r)—T0 % 	- ___________________ _______ 
dt "net(X,t) 	dt 	- 3kpc 
d' 711(X, t) _________________ 
= 	
T(X,t)3 d"net(X,t)3 	 (2.52) 
dt 	 dt 
These two equations were solved using a fourth order Runge-Kutta method for each time 
step. The net heat flux can be calculated from the following equation: 
ij"net(X, t) = iJ"imp + " — aE[T.(X, t) — T0] 4 	 (2.53) 
where iJ"imp is the imposed heat flux (a constant and uniform heat flux used to heat 
material surface), i]w is the heat flux from the flame to surface, cr is the Stefan- 
Boltzmann constant (5.668 xlO" kW/m2-K4) and E is the emissivity. The model needed 
data of kpc and Tig , which were determined from ignition experiments in the Cone 
Calorimeter. Their RHR prediction was very consistent with experimental measurement 
of PMMA carried out by Wu et al. (1993), plywood by Delichatsios et al. (1995) and 
vinyl ester panel by Ohiemiller and Cleary (1995). 
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2.5 Upward Flame Spread in a Corner 
Upward flame spread in a corner has long been recognised to constitute a great hazard 
than that on a flat surface. Ohlemiller et al. (1998) pointed out two reasons for this. First, 
the walls (and flame volumes) can exchange radiation; this enhances the local burning 
rate and, in turn, this accelerates fire spread. Second, the plume of hot gases is diluted 
less rapidly because the air inflow is partially blocked by the second wall; this allows the 
plume to transfer more of its heat to the wall surfaces, again enhancing the flame spread 
process. 
The interaction of a wall (or walls) and a fire source was discussed by Zukoski (1995), 
showing that the presence of a wall (or walls) near the source of a plume can strongly 
influence the entrainment of air and other properties of the plume. Fig. 2.7 shows a 
characteristic sketch of three cases in Zukoski's study (1995): a fire source near or flush 
with walls and corners. He suggested that the interaction of an axisymmetric plume with 
a vertical wall or a corner formed by two walls could be estimated approximately by 
using a reflection principle: an axisymmetric plume source placed next to a plane vertical 
surface or wall would develop as half of a plume which has a source with twice the heat 
release rate, and the plume placed in a corner, as a quarter plume rising from a source 
with four times its heat release rate. 
Fig. 2.7- Fire sources near walls and corners. (a) circular fire source near a wall. (b) 
semi-circular fire source against a wall. (c) fire source in a corner. 
(a) 	 (b) 	 (c) 
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Experimental work showed that, when a circular burner was placed with one edge tangent 
to a vertical wall (Fig.2.7(a)), the plume continued to develop as an axisymmetric plume 
with the wall roughly to one edge tangential. The plume geometry and entrainment rate 
were not strongly affected by the presence of the wall because entrainment was not 
blocked by the wall. 
However, when a semicircular burner was placed with its straight edge against a wall 
(Fig.2.7(b)) the plume was attached to the wall and developed as a half plume with flame 
height and entrainment rate closely approximating those for a full circular burner with 
twice the fuel flow rate. Similarly, when a quarter segment of a round burner was placed 
in a corner, the plume attached to both walls and developed as if it were one quarter of 
the plume rising above a circular burner with four times the fuel-flow rate. 
2.5.1 The Corner! Wall Fire Initiating from a Square Burner 
Hasemi and Tokunaga (1984) used square burners (side length: 0.3 and 0.5 m) to examine 
this conceptual method which assumes the existence of an "imaginary fire source", with 
the same intensity as the actual fire source, in the other side of the wall. The authors 
noticed that this method does not take account of wall friction nor heat loss due to 
conduction through the wall. In addition, the existence of walls near a fire source is 
thought to suppress the growth of eddy scale in the plume. They measured the 
temperature and flame height on the plumes. A dimensional parameter was observed to 
characterise the flame height. 
Q * PT" 	 (2.54) 
where Q is heat release rate and D is the characteristic size of fuel (e.g., the side length 
for square fuels and the diameter for round fuels). 
For unconfined plumes, the height of flame tips was correlated 
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X, ID = 3.5Q *n 	 (2.55) 
where n = 2/3 for 	z1 and n 2/5 for 	'1. 
For fire plumes against a wall, the height of flame tips was expressed 
x 1  /D = 35Q*2/5 	 (2.56) 
This coincides generally with that in the unconfined case for Q>l, and for the plumes in 
a corner, 
X 1 /D = 4.3Q *2/3 
	 (2.57) 
The results (Equations 2.48, 2.49 and 2.50) showed a significantly different effect of the 
presence of a wall and corner-walls. 
Compared with the study of Hasemi and Tokunaga (1984) deriving the flame height 
relation in a corner of walls for * < 4, Kokkala (1993) made measurements of visible 
flame height, temperature and heat flux up to Q = 23 in a similar configuration. Three 
square burners with side length of 0.17, 0.3 and 0.5 m were used. His data for flame 
height were correlated 
for Q<8 . 6 
x 1 /D = _1 . 73 +4. 960*2 I3 	 (2.58) 
or 
x /D = 3.030*090 	 (2.59) 
both with r2=0.993. 
For Q*>86 
x1/D = 15 . 6 +0.40Q* 	 (2.60) 
Reasonably good agreement was shown among the correlations carried out by Hasemi 
and Tokunaga (1984) and Kokkala (1993) for low . 
Kokkala (1993) reported his measurement of heat flux carried out at a distance of 20 mm 
from the corner, showing the heat flux can be expressed as a function of dimensionless 
height X/J. From his data, it can be seen that the heat flux distribution of these three 
burners differed systematically. The maximum values produced by the three burners all 
occurred in the range 0.06 <XiX < 0.6, however, the 0.5 m square burner produced the 
highest among the three ones. The author noticed that this was expected because the 
radiation depends on the thickness of the flame. The 50 cm burner produced the thickest 
flame due to its largest burning area. 
For the 0.17 m burner the peak heat flux to the wall was between 50-60 kW/m2 and for 
the 0.30 m burner between 70-80 kW/m 2 . However, in the 0.5 m burner, the heat flux 
depended strongly on the level of heat output ranging from 20 kW/m 2 at 40 kW to 115 
kW/m2  at 300 kW. This was because of the separation of the flame from the wall with 
the smallest heat release rate. 
Because the corner fire scenario has been recognised to be a challenging configuration, 
the tests like room/corner (ISO 9705) were developed to represent a real scale fire test 
(Sec. 1.3.2). Williamson and Dembsey (1990) summarised the history of corner testing, 
showing the first one was carried out in 1950s. While the room/corner fire test is 
recognised to be realistic, it is not useful for material development due to its high cost 
and large material requirements. Further, the results from ISO 9705 tests cannot be used 
to predict the material's performance in other fire scenarios. As a result, there is an 
ongoing interest in relating bench scale fire tests to more real scale fire tests like the ISO 
9705 test, and in the use of results of bench scale tests in models that can predict material 
performance over a wide range of fire scenarios of importance (Beyler, 2000). 
The first attempt applying a laboratory-scale test for making predictions of room fire 
growth over interior finish materials was done by Smith and Satija (1983). The criteria 
they considered for describing when a product will start to burn was not the surface 
temperature but a parameter "FTP, flux-time product". 
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FTP = [(q"—SPFEt] 	 (2.61) 
where q" = average incident flux over time increment At 
SPF= self propagating flux; that flux at which a flame will just propagate from a 
point of flame impingement 
n= empirical constant; for many materials n=1; for retarded materials, n may be 
greater than 1 
The minimum FTP was determined from the material energy release rate data from a 
dynamic calorimetry apparatus (1984). Combining the consideration and expressions of 
the heating of upper layer, venting, wall plume, etc., the rate of involvement of 
combustible surfaces can be carried out. 
Ostman and Nussbaum (1989) developed a relationship for predicting the time to 
flashover in a full-scale fire test. The relation was based on bench-scale RHR 
measurements in the Cone Calorimeter. 
tjg 
tflach(,ver = a 
Q 
. 	+ b 
max,so 
(2.62) 
where tflhover  is the time to flashover, t ig is the time to ignition in small scale test at 25 
kW/m2, "max,5() is the peak heat release rate at 50 kW/m 2 , p is the density of the linings, 
and a and / are constants. The determination of the irradiance of 25 and 50 kW/m 2 was 
based on trial and error. 
Goransson and Wickstrom (1990) reported a model that predicted the rate of heat release 
of linings in the room/corner test, based on the Cone Calorimeter test results. The total 
heat release rate can be expressed as follows. 
= Qb (t)+MQ" 	 (2.63) 
where Q (t) is the total heat release rate, O b (t) is the heat release rate from the burner, 
AA' is the area increment at the i th time step At (NxAt = t) and 6 ,, is the heat release rate 
history of the material involved which is measured under 25 kW/m2 irradiance in the 




where A (, is the area behind the burner at the initial stage, equal to 2 m 2 , /3 is a constant 
empirically obtained to be 0.05 m 2/s. However, after 10 minutes, when the burner output 
is raised, the A (, is 5 m2, 0 is 0.5 m2/s. Very good agreements were shown with 
experiments. 
Karlsson et al. (1990) presented a model using material properties derived from 
standarised bench-scale tests as input data to predict the fire growth in the room/corner 
test and a 1/3 scale test. Before the pyrolysing area propagates to the nearest corner and a 
strip of material at the top of the wall starts to pyrolyse, the total heat release rate was 
expressed: 
= Q + AQ"+AQ" 	 (2.65) 
where 	(t) is the total heat release rate, Qb  (t) is the heat release rate (RHR) from the 
burner, is the RHR from the wall material, A is the pyrolysing area on the wall and A,, 
is the horizontal pyrolysing area. In Equation 2.65, the A was approximated to be the 
product of the width of the burner and the distance between the burner to the ceiling. A,, 
was expressed empirically with material properties kp c. The expression of 6 ,, needed 
experimental data. Thus, the ignitability test (ISO 5657) and RHR test (the Ohio State 
University apparatus, an open configuration NIST test and the Cone Calorimeter) were 
used to provide data. In addition, downward flame spread rate was available if the 
surface spread of flame test was carried out for Tig (the ignition temperature) and 1 
(flame spread parameter). 
Two years later, Karisson (1993) presented another model for calculating the RHR in the 
room/corner test, where lining materials were mounted on both walls and ceilings. This 
has been discussed in Sec.2.4.5. 1. 
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Cleary and Quintiere (199 1) also developed a model to predict fire spread over a surface 
and its resultant energy release. They considered wall, floor and ceiling orientations, but 
only the flame spread on walls will be discussed here. The total heat release rate can be 
expressed 
Q,0 = Q" A P 	 (2.66) 
where 	is the RHR of material and A 1,, is the pyrolysis area. 
For the wall case, Fig. 2.8 illustrates the pyrolysis area. Therefore, before burnout (t<tb), 
A,, =2[XY0 +(Y,, —Y 0 )X 0 +---(X 
" 
—X 0 )(Y,, —1')] 	 (2.67) 
2 
After burnout, 
A,, =2[XY 0 +Y,,X 0 +(X —X 0 )(Y,, —Y 0 )] 
1 	
(2.68) 
— 2[XhYO +Y b X O +—(X,, —X 0 )(Y,, —Y 0 )J 
Fig. 2.8- The pyrolysis area on one of the corner walls. The area of the initial ignited 
rectilinear zone is 2X0Y0, and the fronts of extended pyrolysis zone is (X e, Y) and 




The X1,,, Xb can be obtained following SQW's theory (1985) which has been discussed in 
Sec. 2.4.5.1. The required information was the RHR of material 	, burning time tb and 
ignition time tig . The Cone Calorimeter was used to provide these data by interpreting the 
RHR curve (see Fig. 2.9). The RHR of material was taken as the average of the RHR. 
Fig. 2.9- The schematic of data from the Cone Calorimeter. 
RHR 
tjg 	tb 
The Y,.,, Yb can be obtained by solving the Equation (2.69). 
61t 	kPC(1g  —T0)2 	
(2.69) 
where ct is the flame heating parameter in opposed flow spread, which is directly 
derivable from the LIFT (ISO 5658) standard procedure. 
Two years later, Quintiere (1993) presented another model including the consideration of 
room thermal feedback (e.g. from the upper layer hot gas). However, this will not be 
discussed. 
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2.5.2 The Corner/ Wall Fire Initiating from the Bottom of the Corner Walls 
Hasemi (1996) measured the flame height and incident heat flux distribution on an open 
wall corner, simulating wall fires at the corner with fuel injection only from vertical 
perpendicular surfaces without from a square burner (without a square burner). Two 
porous burners (width W of 0.225 m and height H of 0.45 and 0.9 m) were used to form a 
corner (see Fig. 2.10). The flame height was observed to correlate with a dimensionless 
RHR parameter 
Qy*• 
= 	Q 	 (2.70) 
pCpT(gH)" 2 (WH) 
The flame height correlation is--- 
x/H =6.0Q °6° 	 (2.71) 
The heat flux was measured and the results showed that the heat flux meters nearest to 
the corner received the highest heat flux compared with other heat flux meters at the 
same horizontal level. The heat fluxes at the corresponding heights, i.e. at identical X/H, 
were relatively close and the maximum was c. 35 kW/m2. In addition, no clear 
correspondence was seen at greater distances from the corner, suggesting strong 
dependence of the horizontal heat flux distribution on the width of the burning zone. 
Fig. 2.10- The schematic of the L-burners used by Hasemi (1996). 
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Qian et al. (1994) pointed out the difference of upward flame spread modelling work 
between that on vertical flat surfaces and in a corner: most of the models for flat surfaces 
treated the flame spread as one-dimensional (Sec.2.4.5), however, transient three-
dimensional nature of the fire induced flow has to be considered for corner fires. They 
used an infrared imaging temperature measurement technique to study flame spread 
behaviour and the pyrolysis region spread characteristics. Temporal isotherms on large 
PMMA samples were successfully obtained, from which the progress rate of the 
pyrolysis front was automatically deduced. It was found from their infrared images that 
the pyrolysis front shape was always "M-shaped", i.e., little spread in the corner, with the 
maximum rate of spread within a few centimeters of the corner. 
Four sets of experiments were carried out to help identify the mechanisms by which the 
M-shape is formed. The PMMA slabs were 1.6 m high, 0.3 m wide and 0.02 m thick and 
were flush-mounted and fixed to large Marinite walls. 
Effect of ignition mode 
Three modes of ignition were tested: first, a uniform line ignition was applied at the 
bottom of both corner walls; second, a "spot" ignition at the bottom corner; third, only 
one side wall was ignited on its bottom. For all the three cases, a very similar M-shape 
pyrolysis front shape was resulted. 
Effect of solid-phase conduction heat loss 
Two different corner configurations (case A and B in Fig.2.11) were designed to test this 
assumption. In case A, two PMMA samples were glued together to form a solid corner; 
while in case B, a hollow corner was formed. For case A, a large conduction heat loss 
was expected through the solid corner wall; while a minimal loss was expected for case 
B. From the experimental observation, a very similar M-shape was still seen. 
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Fire-induced flow cooling 
The two walls were separated by 1 cm to reduce the fire-induced flow along the corner. 
The 1 cm distance was sufficiently smaller than the distance between the corner and the 
pyrolysis front peak. The M-shape was still observed. 
Flame displacement effect 
From their tests, they found that the distance between the maximum gas temperature 
location and the wall corner can change by changing the corner angle. They investigated 
this by designing experiments for corner angles of 450, 900,  1350 and 1800. They found 
that if the angle was greater than 1350,  there was no M-shape formation. This can be 
explained if, for corner angles <1350 , the mixing of pyrolysis products and air is poor and 
fuel rich mixture is found between the corner and the flame. The thickness of this fuel 
rich layer is great enough to reduce heat transfer to the corner where the temperature does 
not reach pyrolysis temperature and the M-shape is formed. 
In addition, they used different materials (cardboard, particle board and black PMMA) to 
examine the M-shape mechanisms, suggesting that the material properties were not likely 
important for the M-shape formation. 
The flame spread rate was measured on their 1.6 m high PMMA samples with ignition 
length on the foot of the wall of a "spot", 10 cm, 20 cm, 30 cm and 40 cm. It was found 
that with increasing ignition width from a "spot" to 20 cm, the upward flame spread rate 
of the peak pyrolysis front V,,,, increased; while for 20 cm :5 ignition length ! ~ 40 cm, the 
V, remained constant. The authors suggested that this is because the fire-induced flow 
in the corner may not be enhanced further with the ignition length ~t 20 cm. 
For X,,,, < 20 cm, the ignition effect was significant and transition from laminar flame 
spread to turbulent occurred. The best fit for X,> 20 cm: 
X 1, = 0.003t' 8 
	
(2.72) 
The spread rate V (in cm/s) for X,,,, (in cm) for the flames with ignition length ~! 20 cm 
was observed to be proportional to X: 
	
Vpp = 0.0134X °9 
	
(2.73) 
This is three times faster than that for the same scale vertical flat wall carried out by 
Orloff et al. (1975) (Equation 2.74). (Equation 2.73 can be compared with Equation 2.74 
for vertical flame spread on a flat surface, where X,, represents the peak location of 
pyrolysis front of a wall fire on a wide vertical surface.) 
VI) = 0.00374X 1, °9 
	
(2.74) 
The width of the pyrolysis zone at the bottom of the walls, Ye,, (in cm), was also found a 
function of time 
1'pb =0.0113t+Y0 
	 (2.75) 
where 1' is the ignition length in cm. 
A similar fit of the geometry of the pyrolysis region (>20 cm) was found with the X,, and 
Y, normalised by X, in vertical direction and Yb in horizontal direction. 
= 32.74i —107.2471 4 +127.8777 3 _67.3017 2  +l4.Oij+0.02 	(2.76) 
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where 
XP 	X P 	 (2.77) 
X, 0.003t' 
and 




The heat flux was measured by 5 heat flux meters located at 25, 50, 75, 100 and 125 cm 
above the bottom of the wall along the locations where peak pyrolysis front occurred. 
Also recorded were the heat fluxes when the flame tips and pyrolysis fronts reached the 
heat flux meters. A decreasing heat flux was observed as the height of the burning zone 
increased. However, no clear trend was observed with the heat flux as the pyrolysis front 
reached the heat flux meters. Furthermore, a maximum heat flux around 32.5 kW/m2 was 
achieved. 
Qian and Saito (1997) further applied their experimental observations to develop a model 
for upward flame spread in a corner. They treated the corner/wall fire as two wall fires 
on each wall with cross-radiation, etc. from the other wall. Therefore, one-dimension 
thermal model, which neglects the lateral heat transfer and defines the flame spread as a 
consequence of heating unignited portion of the fuel to the ignition temperature, was 
applied (the same as Equation 2.44). 
Information needed was the relation of heat flux from flame to unburned surfaces, which 
can be expressed (associated with the correlation of X 1 and t): 




=8.22 0.094t' 3 
	= 0.00435X 23 t 	(2.79) 
Finally, for PMMA, 
M. 
	
X,, = 0.0136t' 56 	 (2.80) 
Compared with experimental data (Equation 2.72, Qian et al. 1995), good agreement was 
only found for the early period (<200 s). 
A field model (CFD) developed by Lewis et al. (1999) was used to predict the flame 
spread of a wall fire on a flat vertical surface and in a corner. Controlling mechanisms of 
buoyancy-driven flow, combustion, soot production, radiation heat transfer and solid 
pyrolysis were incorporated into a fire-specific CFD code. The predictions carried out 
were compared with the data of Orloff et al. (1974) on PMMA wall fire and of Qian et al. 
(1994) on PMMA fire in a corner. Fairly good agreement was found. 
2.6 Upward Flame Spread on Confined Parallel Walls 
Upward flame spread has been considered to be the 'worst' orientation for rapid fire 
development over a combustible wall lining. However, there are other configurations 
which can lead to even more rapid fire growth. One example is to be found in storage 
arrays in warehouses where the vertical channels between adjacent stacks offer an ideal 
pathway for fire growth (Foley and Drysdale, 1995). There is a need to understand fire 
spread mechanisms involved in the vertical parallel case in more detail to enable better 
quantification and reduction of risks. 
Kim et al. (1974) focused on the laminar burning between parallel fuel surfaces, studying 
the factors influencing the burning rate between two walls. They found that the burning 
rate (mass loss rate) of inward-facing combustible boards depended on the channel 
geometry: 
H 
th"=f( a// ) 	 (2.81) 2)4 
where H is the height of vertical fuel surfaces and a is the separation between them. For 
small values of H/(a/2)4 the total burning rate is proportional to H 
i"  and does not depend 
on the separation, whilst for large H/(a/2)4 the total burning rate is dependent on the 
height of the fuel surface but proportional to a 3 . Between these two extremes lies a 
transition region. 
Tamanini and Moussa (1980) studied the turbulent burning of vertical parallel walls and 
also pointed out that the space of the two walls is an important parameter influencing the 
fire behaviour of the two burning walls. It is anticipated if the two walls are sufficiently 
far apart, the interaction is minimal and the rate of burning approaches that of the single 
wall case. As the space between the walls is reduced, the following effects gradually 
alter the physical picture: 
an increasing fraction of the radiation from the flame and from the hot fuel surfaces, 
otherwise lost to the surroundings, reaches the burning walls. 
The scale of the turbulent eddies is reduced by the presence of the additional solid 
boundary (the other wall); and 
The flow of oxygen available for combustion in the gap is reduced. 
They observed that while the first and last effects act, respectively, in the direction of 
increasing and decreasing the rate of fuel production by the wall, the net effect is not very 
clear, 
They designed experiments to study the fire behaviour of vertical burning parallel walls 
and obtained data for single wall case for comparison. The instrumented walls they used 
were 0.459 m wide and 0.942 m high and made of wicks soaked with methanol and 
toluene-methanol mixtures (0%, 13.8% and 20.7% toluene in methanol). The fuels of 
different radiant properties can consequently be simulated. The separations between the 
two burning walls were from 25 mm up to 413 mm in addition to the infinite case (single 
wall case). 
They observed that as the separation decreased, the flames appeared to move closer to the 
burning surface; at the 38 mm wall separation the two flames merged. In addition, the 
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flame height increased slightly for decreasing wall separation. 
From their analysis, the burning rate of the parallel burning walls increased up to about 
40% over the single wall case. In addition, except for the case of pure methanol where 
the burning rate seems to remain constant over a fairly wide range of wall separations, the 
experiments with two methanol/toluene mixtures showed that the burning rate first 
increased as the separation was reduced (from infinite to 25 mm), then dropped. There 
was a value of separation for which the burning rate reached a maximum. They 
examined this observation and suggested that the maximum occurs when the wall 
separation is about 20 percent of the height of the pyrolysis region. The results 
suggested that the burning at low wall separations was controlled by convection because 
the burning rates of the different fuels (different percentages of toluene in methanol) at 
the same wall separation tended to approach the same value. 
The aerodynamic and thermal structure of the flow developing between two vertical 
burning walls were studied by Most et al. (1989), examining the influence of different 
parameters such as channel width, burner length, gas supply flow rate and mass transfer 
driving force. The vertical burning walls used were gas-supplied and were 0.4 m wide 
and from 0.25 to 1.25 m high. Their results indicated that as the distance between both 
walls decreases, radiation is no longer the dominant mode of heat transfer. The character 
of the flow changes from natural to forced convection and there is a "relaminarisation" of 
the flow. 
Foley and Drysdale (1995) carried out measurements of the heat flux distribution at the 
surface of a vertical wall exposed to flames from a 0.6 m long propane line burner 
between vertical parallel walls and against a wall. The experimental configuration is 
listed in Table 2.3. 
The base type 'open' means that there was no "floor" at the foot of the walls so that air 
could flow under the wall and vertically upwards into the space between the 'walls'. On 
the contrary, 'closed' describes the configuration where the "walls" rested on a non- 
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combustible "floor" so that air could only enter horizontally from the sides into the space 
between the "walls". 
Table 2.3- The experimental configurations investigated in the study of Foley and 
Drysdale (1995). 
Separation 60 mm, 100 mm, -(single wall case) 
Burner position centre, against instrumented wall, against opposite wall 
Base type Open, closed 
Propane flowrate 5 1/mm, 9 1/mm 
From their results, the following observations were made: 
The heat flux along the centerline increased with decreasing separation. 
Higher burner heat release rate yielded higher heat fluxes at the wall. 
The highest heat flux occurred with the burner against the instrumental wall, except 
the case of 60 mm separation with base closed where the highest flux occurred for the 
burner in the center of the gap. (In this special case, flame was seen to fill the entire 
width of the gap.) 
The heat flux distributions of the cases of open base and closed base were different. 
In the case of 60 mm separation with burner in center of separation, when the base 
was open, the flame was seen to behave more as a uniform sheet between the two 
walls. With the closed base, the flame tended to fill the gap, impinging directly on 
both walls. 
Correlations of the measured heat flux and their dependence on the experimental 
variables were sought by the authors. 
For single wall, burner against the instrumented wall 
Open base, centreline fluxes 
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X 1 .55 : =104.95(_*2/3D__________ -) 	 (2.82) 
Q1 
*213 
 ij, is the heat flux to the wall, Q, is the dimensionless line burner heat release 
rate (Sec. 2.4.3.1), Xis the height (Fig. 2.3) and D is the line burner length. 
Closed base, centreline fluxes 
: =51.07(_ 	-1.29 
Q1 
(2.83) 
For two parallel wall case, burner against the instrumented wall, 
Open base, centreline fluxes 
-1.4 
:=1o4.53(_*7J3D) 	 (2.84) 
QI 





Taking the separation of the walls into account, a slight improvement of correlation 
coefficient was made, giving 





Closed base, centreline fluxes 
01 
12.74( 
X(a/D)°905 )_I.16 = (2.87) 
Within the range of separations and conditions studied, altering the air flow pattern to the 
flame by preventing air entering under the 'walls' leads to significant increases in heat 
fluxes to the surfaces. When the base is open, cool air can flow upwards from the base. 
This effect is further enhanced by reducing the separation between the walls. 
A numerical study was conducted by Wang et al. (1999) to estimate the flame radiation 
energy for parallel burning walls. The equations of turbulence, combustion, soot 
formation and energy were solved numerically with the associated boundary conditions. 
The burning rate distribution, flame structure and velocity profile on wall fires in a 
parallel configuration can be predicted for one and two burning walls (Fig. 2.12 (a) and 
(b)). There was good agreement with experimental data of velocity, temperature, stream 
wise driving pressure and profile of velocity fluctuation. 
Fig. 2.12- The schematic diagram of vertical parallel wall fires with a buoyancy-
induced flow. (a) single burning wall opposed against an inert wall; (b) two 
opposing burning walls. 
(a) 	 (b) 
air flow 	 air flow 
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Some information was extracted by the model by considering two characteristic physical 
situations: 
When a burning wall opposes an inert wall, it is important to know how the geometry 
affects the ease with which the surface temperature of the inert wall can reach the 
ignition temperature. 
Once the facing wall has ignited, it is important to understand how the geometry 
influences the flame structure, and as a consequence, the convective / radiative fluxes 
and the accompanying burning rate, etc. 
The temperature of an inert wall facing a burning wall (Fig.3.12(a)) was predicted by the 
model for different separation/height ratio (a/H) varying from 0.35 down to 0.062. From 
their prediction, the surface temperature of the inert wall increased with height. If 
assuming the material used was PMMA, the ignition temperature (600K) can only be 
reached if the value of a/H is less than 0.15. Therefore, for large separation (a/H>0.2), 
ignition of the opposing surface does not occur and the case of a single burning wall 
opposed an inert one (Fig.3. 12(a)) has to be considered. 
The effects of the confinement on convective and radiative heat transfer was evaluated 
using the model. For the case of two burning walls (Fig.3.12(b)), as the confinement is 
high (a/H<0.2), the convective heat flux was found to increase at first with increase of the 
a/H from 0.06 to 0.1, and decrease later with further increase of that to 0.15. The 
radiative heat flux predicted by the model showed that the highest values occur as (a/H) 
ratio equal to 0.1. The heat flux at the top of the sample as (a/H) =I is c. 62 kW/m 2 for 
the PMMA fires, which is 3% and 41 % higher than that as (a/U) =0.062 and 0.15. It is 
seen that the convective and radiative heat transfer does not directly increase or decrease 
with the change of (a/H). 
The burning rate was also predicted by the model. For two burning PMMA walls, the 
burning rate increases with height and depends on the separation, whilst for a single 
burning wall case, the burning rate is independent of the a/H ratio for a/H >0.2. 
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The mass flow rate of the unburned fuel at the exit of the channel was analysed since it 
will represent the potential flame height. In the case of a single burning wall, the a/H 
ratio has a weak effect and a negligible effect for cilH>0.2. However, a significant effect 
was predicted for the case of two burning walls. 
2.7 Summary 
As has been discussed, the flame height and heat flux from flame to the unburned 
surfaces of wall fires are the two important parameters determining the flame spread rate. 
These two parameters are influenced by several factors, however, geometry plays the 
most significant role. In the case of wall fires on vertical flat surfaces, many studies have 
been conducted. However, there still exists a need to carefully examine the previous 
correlations and modelling work. For the cases of wall fires in a corner and in confined 
parallel surfaces, very little attention has been paid. These two scenarios are worth more 
study because they are more hazardous. 
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Chapter 3 
Experimental Work and Results 
3.1 Introduction 
The experimental programme was intended to expand the understanding of upward 
flame spread on vertical surfaces. The first part described in this chapter is the Cone 
Calorimeter test which provides quantitative data relevant to the response of 
combustible materials to fire conditions. The data will be used in modelling work in 
Chapter 4. The second part focuses on the wall fires on flat surfaces simulated by 
combustible solid strips and gas panels. Flames from combustible solid strips 
represent the real behaviour of wall fires. Gas panel test is capable of providing useful 
information under carefully controlled burning scenarios. The third part was designed 
to examine vertical flame spread in a corner and the effects of a nearby parallel wall 
because the presence of the extra wall (combustible or non-combustible) is known to 
affect flame spread rate of the wall fire. Flame height and heat flux distribution were 
the two primary parameters investigated in the experimental study due to their 
significant effects on fire growth and their use in modelling work (Chapter 4). 
3.2 Cone Calorimeter Tests 
Measurements were made using the Cone Calorimeter to provide data for modelling 
upward flame spread. The sample can be oriented horizontally or vertically. The 
vertical orientation was chosen because the sample will simulate the combustible 
solid on a wall. 
3.2.1 Standard Cone Calorimeter Tests 
The Cone Calorimeter has been described in Sec. 1.3.1 and Fig. 1.1. During the tests, 
the ignition time is determined by the presence of a sustained flame on the sample 
surface, while burnout time is determined by the presence of a burnout region. In this 
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study, 6mm thick PMMA and 2.5mm thick cardboard were tested in the vertical 
orientation. Table 3.1 listed the test conditions (irradiance levels). 
Table 3.1 - irradiance levels (kW/m2) used for PMMA and cardboard cone tests 
6mm thick PMMA 2.5mm thick cardboard 
Irradiance level 
15, 20, 25, 30 20,25 
(kW/m2) 
Material behaves like thermally thick, thermal thin or in between and material only 
behaves thermal thick for a limited time. Mikkola and Wichman (1989) have shown 
that the time to ignition of combustible materials can be expressed as follows: 
For the thermally thick materials 
tjg = Jr p(Ti 
_7)2 	
(3.1) 
q , It 
and for thermally thin materials 
) 
t jg = pcL0 (T
jg —T 0 
. ,, 	 (3.2) 
q. 
where tig is the time to ignition, k is the conductivity, p is the density, c is the 
specific heat, Tig is the ignition temperature, T0 is the ambient temperature, L0 is the 
sample thickness and q r  is the irradiance. 
3.2.2 Non-Standard Cone Calorimeter Tests 
A non-standard Cone Calorimeter test procedure was developed for the modelling 
work of upward flame spread on vertical surfaces (Chapter 4). The usage and the 
development of the non-standard test will be discussed in Chapter 4. Here the test 
procedure and data are shown. 
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In the standard test, the cone heater exposes the vertical test specimen to thermal 
radiation during the whole test duration. In the non-standard test procedure, after the 
specimen was ignited, the cone heater was moved into a position in which the lowest 
edge of the heater was 2.5cm above the level of the top edge of the sample. Table 3.2 
presents the residual radiant flux to the specimen surface measured in separate 
experiments under different effective irradiance levels. The maximum flux was 
obtained at the top edge of the sample and the minimum at the bottom. 
Table 3.2 - The residual radiant flux from the cone heater to specimens under 
different initial irradiance levels. 
Irradiance level with cone heater in 
normal position (kW/m2) 
Residual radiant flux when heater 




3.2.3 Experimental Results 
Fig.3.1 shows the typical heat release rate measurements of PMMA under the 
irradiance of 15 kW/m2 (standard and non-standard procedure), 20 kW/m 2 (standard 
procedure) and 25 kW/m 2 (standard procedure) and Fig.3.2 for cardboard under the 
irradiance of 20 kW/m 2 (standard and non-standard test procedures). For PMMA 
applying the standard procedure, it is seen that as the irradiance was higher, the time 
to ignition 'r was shorter and the peak RHR 0.". was higher. The former observation 
is because the surface temperature of the sample increased more rapidly as the sample 
was exposed to higher irradiance. The latter observation is because higher irradiance 
results in higher mass loss rate which will produce higher RHR. The experimental 
data of 'rand on=  are summarised in Table 3.3. 
As the irradiance was 15 kW/m 2, the time to ignition was almost identical in the two 
tests following the standard and non-standard test procedures (480 and 475 s). The 
peak rate of heat release for the curve using the non-standard test procedure was lower 
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than that using the standard one because the cone heater had been removed. The 
difference in the duration of burning should also be noted. Similar results for 2.5mm 
thick cardboard are shown in Fig.3.2: there is no significant difference in the RHR 
curves with and without an imposed heat flux of 20 kW/m2 after ignition. 
Table 3.3 - The comparison of the Cone Calorimeter data under different 
irradiances and applying the stand and non-standard test procedures. 
Time to ignition Burning time Peak RHR 
(s) (s) (kW/m2) 
15 kW/m2 
475 1164 190 
(non-standard procedure) 
15 kW/m2 
480 864 317 
(standard procedure) 
20 kW/m2 
182 - 422 
(standard procedure) 
25 kW/m2 
114 - 485 
(standard procedure) 
Brehob and Kulkarni (1989) observed that mass loss rates from different materials in 
the vertical orientation exhibit different sensitivities to external radiation when 
burning. Assuming that the heat of combustion remains constant during the burning 
process and independent of the imposed heat flux, mass loss rate is directly 
proportional to the rate of heat release (Equation 3.3) and similar sensitivities would 




Conclusively, for the materials whose mass loss rate is easily affected by external 
radiation, the difference of the heat release rate measured by the Cone Calorimeter is 
apparent as the level of the external radiation changes. Cardboard is a material which 
consists of a sheet of fluted cardboard fixed between two outer layers and chars when 
heated. As one surface is exposed to heat, not much heat can be transferred to "inner 
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material". Therefore, as the intensity of heat transfer changes after ignition, the 
behaviour of the material would not change very much, which leads to similar RHR 
curves using the standard and non-standard test procedure. 
Table 3.4 lists all the time to ignition data and their average for PMMA and cardboard 
under different irradiance levels. Fig.3.3 presents the thermally thick ignitability 
correlation for 6mm thick PMMA in the range 15 to 30 kW/m 2 because of the 
proportion of the4 r  and tjg
112  (Equation 3.1). 
The different responses of PMMA and cardboard in the presence and absence of 
supporting radiation with modelling work will be discussed in Chapter 4. 
Fig.3.1- The RHR of 6mm thick PMMA from the Cone Calorimeter under 
different irradiance (15, 20 and 25 kW/m2) following the standard or non-
standard test procedures 
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Fig.3.2- The RHR of 2.5mm thick cardboard from the cone calorimeter following 
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Table 3.4- The time to ignition data and its average for PMMA and cardboard 
under different irradiance levels. 
Irradiance 6mm thick PMMA 2.5mm thick cardboard 
level Time to ignition tig 1/ tig 	'2 Time to ignition ti g 1/ tig "2 
(kW/M2) (s) (s 1/2) (s) (s
1/2
) 
537 average average 




20 208 190 0.073 27 26.3 0.195 
208  26  
110 18 
25 120 112 0.094 15 16 0.25 
114  15  
67 
30 69 69 0.12 
72  
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3.3 Measurement of Flame Height on Steady Burning Combustible Solid Strips 
The objective of this study was to carry out flame height measurements under 
carefully controlled conditions to examine the validity of previous theoretical and 
experimental correlations and provide new insights into the flame height 
phenomenon. For the first time, the flame heights and heat release rates from the 
burning samples were measured directly and simultaneously in the same experiment. 
3.3.1 Flame Heights of Steady Burning Wall Fires 
The experimental rig located inside the Cone Calorimeter is shown in Figure 3.4 in 
schematic form. It was designed to hold vertical samples of combustible material at 
the lower edge of (and in the same plane as) a 60 cm high inert board. The sample 
was mounted on a 3 mm thick steel plate: in addition to preventing flame spreading 
up the back of the sample, it kept the rear face relatively cool and prevented distortion 
and slumping which would otherwise have occurred. The vertical edges of the 
sample were protected by 3mm thick mild steel strips designed to hold the sample 
against the backing plate. The rig was located below the hood of a Cone Calorimeter, 
thus allowing the rate of heat release from the burning sample to be measured 
directly. A hand-held butane-fuelled torch was used to ignite the surface of each 
sample uniformly. The inert wall was marked with a scale and a video camcorder was 
used to record each experiment. The flame height was determined subsequently by 
visual examination of the videorecordings which were then matched to the 
corresponding heat release rates. (The way to determine the height of a wall fire will 
be discussed in Sec.5.3.1). 
The combustible material used was PMMA, as 6 mm thick slabs with heights ranging 
from 2.5 to 25 cm and widths of 4, 8 and 12 cm to simulate the early stages of vertical 
burning and to allow the effects of different aspect ratios to be studied. In addition, 
several samples of 12.5 and 25 mm thick were used to examine the thickness effect on 
flame height. By using sample heights up to 25 cm, the laminar, transition and 
turbulent burning regimes could be observed, as noted by Orloff et al. (1974) in their 
PMMA experiments. 
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Fig.3.4- The schematic of experimental rig located inside the chamber of the 
Cone Calorimeter 







Modifications could be made to allow four different geometric configurations to be 
studied (see Fig.3.5 (A)-(D)). In three cases, the burning area was at the foot of the 
"wall". With Case A, there was a contiguous floor, but this was absent in Cases B 
and C. In Case B, the bottom edge was unprotected while in Case C the bottom edge 
was protected by a steel strip. In the fourth configuration (Case D), the sample 
represented a central burning area on an extended wall. The geometric configurations, 
heights and widths of PMMA samples of three thicknesses (6, 12.5 and 25mm) are 
summarised in Table 3.5, 3.6 and 3.7. 
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Fig.3.5 The four geometric configurations studied. 
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3.3.2. Results and Discussion 
Figure 3.6 shows the typical RHR history for a burning PMMA sample, 8cm wide, 
10cm high and 6mm thick in the configuration corresponding to Case A (with a 
contiguous floor). The ignition process took approximately 100 s and was followed by 
a period of unsteady burning (from lOOs to 350s) during which the RHR increased to 
a steady peak value (corresponding to 150 kW/m 2 in this case) before burnout started 
(after 500s). The height of the flame during steady burning was determined (350- 
500s in Figure 3.6). The heights of the continuous flame and the flame tip were 
observed, but the flame height was recorded as the average of the visible flame height. 
The effect of aspect ratio (R = height/width) on the correlation is shown in Figure 3.7 
(a)-(d) for the four cases. These correlations indicate that the effect of R is negligible 
for &< 30 kW/m2 within the range of values of R used (0.3125 to 2.5). 
The experimental data are in Appendix A-i. In Figures 3.8(a) and (b), the dependence 
Of X1  on Q' for all four geometries is shown as normal and logarithmic plots. When 
Q' is less than c. 10 kW/m, the data for all four configurations fall on the same line, 
but above c. 10 kW/m, the data become scattered and systematic differences in the 
four series of flame height correlations can be observed. 
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Fig. 3.6- The typical RHR history of a 6mm thick, 8cm wide and 10cm high 
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Fig. 3.7 (a)-(d)- The effect of aspect ratio on flame height correlation for the four 
geometric configurations. 
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Fig.3.8 The dependence of flame height on RHR per unit width in normal 
(Fig.3.8(a))and logarithmic scale (Fig.3.8(b)). 
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For Case A (a burning wall with a contiguous floor), 
X1 = 0.0 16&' -07 	 (3.4) 
For Case B (a burning wall with no floor and no protection of the bottom edge), 
X1 = 0.018Q" 00 	 (3.5) 
For Case C (a burning wall with no floor but with the bottom edged protected) 
X f = 0.0230'098 	 (3.6) 
For Case D (a burning wall with an extended plate), 
X  = 0.01 1 &1 . 25 	 (37) 
The r2 values for these four cases (Equations 3.4-3.7) are 0.931, 0.968, 0.987 and 
0.963 respectively, and the values of power n are close to unity at least for Cases A, B 
and C. It can be seen that the burning walls set in an extended plate (Case D) produce 
the tallest flames (Figure 3.8). While further work would be required to explain this 
observation, it seems likely that it is a consequence of the fact that the burning area is 
part of a larger flat surface. The Case D flames may be less turbulent than those 
observed for Cases A, B and C. In general, turbulence tends to reduce the height of a 
diffusion flame (Delichatsios, 1984; this work), but the Case A flames are of similar 
height to the Case D flames, both being higher than Cases B and C (Figure 3.5(a)). 
Clearly, the effect of the lower edge boundary conditions needs to be studied in 
greater detail. 
The steady values of Q' obtained for the different geometric configurations are listed 
in Table 3.8 (a) and plotted in Fig. 3.9. Samples with a lower-edge protection (Case 
C) produced the lowest values of Q' while Case B samples produced the highest. It 
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may be that the increased burning area due to the involvement of the lower edge 
would account for this observation. When PMMA samples burned with a contiguous 
floor (Case A), the lowest 10 mm of the flame was blue in colour, suggestive of a 
well-mixed region producing "premixed-like" burning. This may have caused higher 
local heat transfer and thus a higher local rate of burning, consequently producing a 
higher value of Q'. This is consistent with observations made by Foley and Drysdale 
(1995) on the effect of a "floor" on the rate of heat transfer to a vertical wall exposed 
to a line burner. 
In Table 3.8 (b), the steady-state rate of burning (expressed as a mass flux, th'g/m 2 .$) 
of PMMA slabs of different heights are compared for these four configurations. The 
mass fluxes were calculated from the steady state values Q', assuming the heat of 
combustion of PMMA to be constant at 24.89 kJ/g (Drysdale, 1998). The burning 
rate is found to decrease as the height of the burning sample increases. This is 
consistent with the study carried out by Orloff et al. (1976) on the burning of thick 
vertical slabs of PMMA, 0.91 m wide and ~! 1.5 m high. Their configuration 
corresponded to Case A. They also found that the rate of burning decreased with 
height over the first 20 cm from the bottom edge although the decrease was not so 
pronounced (about 15%). 
The effect of the thickness of test samples on the flame height correlation was 
investigated. PMMA slabs of three thicknesses (6, 12.4 and 25 mm) with width of 8 
cm and heights of 5, 15 and 25 cm were tested in two geometric configurations (A 
and B). Table 3.9 (a), (b) and (c) list the steady state RHR per unit width, steady state 
mass loss rate (with the assumption of constant heat of combustion) and time to reach 
steady state (after ignition) of these three sets of tests. It can be observed that, for 
different thickness of samples in different geometric configuration, the steady state 
RHR per unit width and the mass loss rate changed. However, there was no consistent 
trend to be observed as thickness or geometric configuration was changed. In 
addition, it took a longer time to reach steady state (after ignition) for thicker samples. 
In Table 3.9 (b), a generally lower steady state mass loss rate was observed for longer 
samples in both the two geometric configurations (A and B). This coincided with the 
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measurement Orloff et al. (1976) carried out on the early stage (height < 25 cm) of 
upward spreading PMMA fires. Furthermore, Fig.3.10 (a) and (b) display the 
dependence of the RHR per unit width and flame heights for these 6, 12.5 and 25 mm 
thick samples (Case A and B). The best-fit correlations for these two cases (dashed 
lines in Fig. 3.10 (a) and (b)) are also shown for comparison. No significant thickness 
effect on the flame height correlation was shown, compared with data of the 6 mm 
thick samples although the steady state RHR per unit width, steady state mass loss 
rate and the time to reach steady state (after ignition) were different (shown in 
Fig.3.11, Table 3.9 (a), (b) and (c)). 
3.3.3 Conclusion 
The flame height correlation of wall fires on their early stages of development (Q' < 
30kW/m) under different geometric configurations has been shown to conform to a 
correlation of the form of Equation 2.9 and be independent of the aspect ratio of the 
burning surface in the range of parameters studied. For the first time, rates of heat 
release and flame heights were measured directly in the same experiments. The 
correlation was found to depend on the lower edge configuration. Data for Q' > 30 
kW/m need to be obtained to investigate the correlation for fully developed turbulent 
wall flames. The limited space within the test section of the Cone Calorimeter 
prevented such measurements being carried out in this part of the project. 
The configurations which have been studied represent four possible scenarios that 
may exist during the early stage of fire development on a wall. The correlations were 
derived from steady flames although a flame height correlation for a spreading wall 
fire would be closer to the real situation 
94 
Fig. 3.9- The steady-state RHR per unit width of 8cm wide PMMA slabs with 
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Table 3.8 - (a) and (b) The steady RHR per unit width and mass loss rate of 6mm 
thick, 8cm wide PMMA samples with different geometric configurations. 





with a floor 
(Case B) 




with lower edge 
protection 
(Case D) 
with an extended 
surface 
2.5 4.6±0.3 5.8±0.7 --- 4.6±0.4 
5 8.4±0.4 10.3±0.3 7.6±0.6 9.3±0.1 
10 16.9 ±2.1 18.5± 1.3 11.0±0.7 13.8±1.5 
15 14.4 ±0.3 16.1 ± 1.1 14.7± 1.3 14.7±1.6 
20 19.19 --- 17.4±0.3 18.1 
25 21.4 ± 1.4 24.9 21.4 ± 0.9 
Mass loss rate m" (g/m 2 s) 
(with assumption of the H of PMMA: 24.89 kJ/g) 
Height 
X1 Case A 
(cm)  
Case B Case C Case D 
2.5 7.38 9.34 --- 7.34 
5 6.76 8.28 6.09 7.46 
10 6.80 7.44 4.42 5.54 
15 3.85 4.31 3.93 3.93 
20 3.85 --- 3.50 3.64 
25 3.44 4.01 3.45 
Table 3.9 - (a), (b) and (c) The RHR per unit width, mass loss rate and time to 
reach steady state (after ignition) for different thickness of samples with 
geometric configuration cases (A) and (B). 









A B A B A B 
Height: 5cm 8.7 10.3 8.9 12.2 8.9 
Height: 15cm 14.4 --- 14.4 19.7 13.7 15.0 
Height: 25cm 20.0 j 	24.9 j 	21.5 28.8 24.8 24.8 







Geometric A B 
configuration  
A B A B 
Height: 5cm 7.0 8.3 7.2 9.8 7.2 
Height: 15cm 3.7 3.9 5.3 3.7 4.0 
Height: 25cm 3.2 4.0 3.5 4.6 4.0 4.0 
(with the assumption of the heat of combustion of PMMA: 24.89kJ/g) 







Height: 5cm 50-100 200-240 300-350 
Height: 15cm 80-100 200-250 300-400 
Height:25cm 80-100 300-330 300-400 
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Fig.3.10 (a) and (b)- The thickness effect on flame height correlation with 
geometric configuration Case A and B. (dashed lines show the best fit 
correlations in Fig. 3.7(a) and (b)) 
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Fig. 3.11- The RHR per unit width of PMMA slabs of different thickness in the 
geometric configurations A and B. 
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3.4 Single Wall Case Simulated by Spreading Wall Fires on PMMA Strips 
The aim of the experimental work carried out was to look in detail at the flame height, 
heat flux from the flame to the unburned surfaces and flame spread rate on a 
spreading wall fire. The behaviour of a spreading flame is closer to that of a real fire. 
3.4.1 Experimental Design 
The experimental rig, shown in Fig. 3.12 in a schematic form, was designed to allow 
samples to be ignited horizontally and then to be rotated into a vertical position at the 
start of the test. This design can prevent extra heating on the region ahead of the 3 mm 
ignition zone. The combustible material used was PMMA, as 6 mm thick slabs with 
width of 7 cm and varying heights of 20, 30, 40 and 50 cm. The sample was marked 
with a scale so that the height of pyrolysis and flame tips can be determined by eye. 
The sample was held against a 2 mm thick steel plate: in addition to preventing flame 
spreading up the back of the sample, it kept the rear face relatively cool and prevented 
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distortion and slumping which would otherwise have occurred. A 5 mm wide slot was 
cut along the centreline of the backing plate to allow the pyrolysis front to be 
observed from the back of the sample by the appearance of bubbles. A heat flux meter 
was located at 2 cm from the top of the samples to measure heat flux from flame to 
unburned surface. The heat flux was recorded particularly while the flame tip and 
pyrolysis front reached the heat flux meter. A hand-held butane-fuelled torch was 
used to ignite the 3 mm ignition zone. After ignition, the sample was rotated to the 
vertical position, the flame height was observed visually and the time was noted while 
the pyrolysis front advanced one centimeter. 
Modifications could be made to allow either 3 mm thick 15 mm wide mild steel strips 
or 25.4 mm thick 15 mm wide inert walls to be used to protect the vertical edges of 
the samples and hold the samples against the backing plate. The latter configuration, 
which will be called "with sidewalls" in this thesis, can help prevent lateral air 
entrainment along the burning sample. 
Fig. 3.12 - The experimental rig. The dashed line frame represents the 
horizontally oriented rig during ignition and then moved to vertical after ignition 
(solid line). The flame and pyrolysis heights were observed by eye from the front 
and back surfaces of the burning samples. 
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3.4.2. Results and Discussion 
All the experimental data are presented in Appendix A-2, and a typical time elapsed 
and corresponding flame height measurement as the pyrolysis front advanced 1 cm 
and time-dependent heat flux measurement on and at 2 cm from the top of a 50 cm 
high burning PMMA slab without sidewalls are shown in Fig.3.13 and Fig.3.14. In 
Fig.3. 13, the flame height is extrapolated linearly beyond upper edge of the samples, 
following the trend of the data. In Fig.3. 14, the heat flux was marked when the flame 
tip and pyrolysis front passed the heat flux meter. The following section presents the 
relations of these parameters, which were averaged over three or four measurements. 
3.4.2.1 Time history of pyrolysis front and flame spread rate 
Fig. 3.15 shows the time history of the pyrolysis front on a 50 cm high PMMA slab 
with and without sidewalls, and Fig. 3.16 shows the flame spread rate. The wall fire 
with sidewalls spread faster than that without sidewalls. However, the difference is 
not apparently significant before 280 s. 
Fig.3.13- Typical measurement of time elapsed and corresponding flame height 
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Fig.3.14- A typical heat flux measurement at the top of a 50 cm high burning 
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Fig. 3.16- The flame spread rate of PMMA fires with and without sidewalls. 
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3.4.2.2 Pyrolysis front vs. flame height 
Fig.3. 17 shows the dependence of flame height on pyrolysis height with sidewalls 
present and absent. The flame height was more sensitive to pyrolysis height if 
sidewalls were present. This is because sidewalls have helped maintain one-
dimensional air entrainment close to the burning surface. For the case in which 
sidewalls were present, 
X 1 =1.72X ° ' 97 
	
(3.8) 
where Xf and X, are flame and pyrolysis height in meters. For the case without 
sidewalls, 
X 1 =1.35X,, °87 	 (3.9) 
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Fig.3.17- The dependence of flame height on pyrolysis height with sidewalls 
present or absent. 
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3.4.2.3 Heat flux 
Fig.3.18 presents the heat flux measurements (average of three tests) from the heat 
flux meter located 2 cm from the top of the 20, 30, 40 and 50 cm high samples 
without sidewalls present. tj and ii,, respectively correspond to the time when the flame 
tip and pyrolysis front reached the heat flux meter. The duration between t1 and t1 
represents the time during which the preheating region is exposed to heat (Fig.2.3). 
The heat flux measured at t1 and z, for different heights of PMMA samples is listed in 
Table 3.10. The heat flux corresponding to tf decreased as the burning samples were 
longer. This was consistent with the observations of Qian et al. (1994) dealing with 
upward flame spread along vertical corner walls and Brehob et al. (1998) concerning 
upward flame spread with external radiation. 
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Fig.3. 18 - Variation of heat flux 20 mm from the top of the 20, 30, 40 and 50 cm 
sample in the absence of sidewalls. 
( .—Øi marks the time when the flame tips reached the heat flux meters; . . 
indicates when the pyrolysis front reached the heat flux meters) 
45 
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Table 3.10 - The heat flux measured at tj and 4 for different heights of samples 
(without sidewalls). 
height of heat 
flux meter 
(cm)  
heat flux corresponding to t1 
(kW/m2) 
heat flux corresponding to tP 
(kW/m2) 
20 9.6 31 
30 8.8 30 
40 6.5 29 
50 6.4 29 
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The heat fluxes corresponding to tp were very close (Table 3.10), and could be 
regarded as "typical heat flux for upward flame spread". At these locations radiation 
plays a primary role. Furthermore, Fig.3.18 illustrates that the maximum heat flux 
occurred below pyrolysis fronts where the samples were undergoing pyrolysing. A 
uniform terminal heat flux (around 38 kW/m 2) was produced. 
The heat fluxes from the spreading PMMA wall fires to the unburned zone with and 
without sidewalls present are compared. Fig.3.19 plots the heat flux against X/Xf. 
The best-fit functions are 










X f  
Fig. 3.20 plots the heat fluxes following the procedure used by Brehob et al. (2001). 
The best-fit functions are 





qWO 	 Xf—]  
and for the case without sidewalls, 
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rxx1 	 (3.13) 
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It is seen that the heat flux distribution without sidewalls present was higher than that 
with sidewalls (about 15%). The presence of sidewalls restricts the air entrained 
laterally, which may result in less vigorous burning and lower heat fluxes. In 
addition, the heat flux corresponding to tj and t for the case with sidewalls is very 
close to that without sidewalls, giving 7.8 and 29.8 kW/m 2 respectively. The 
representative heat flux in this preheating region (Fig. 2.3) could consequently be 
estimated to be c. 18.8 kW/m 2. In addition, the maximum terminal heat flux (41 
kW/m2) with sidewalls present is higher than that without sidewalls (38 kW/m 2). 
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Fig.3.19 - The heat flux distribution of the spreading PMMA wall fires with and 
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Fig.3.20 - The heat flux distribution of the spreading PMMA wall fires with and 
without sidewalls following the expression of Brehob et al. (2001). 
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3.5 Single Wall Case Simulated by Gas Panel 
3.5.1 Experimental Design 
The experimental rig is shown in Fig. 3.21. A propane fuelled vertical panel (60 cm 
high and 84 cm wide) was constructed from 14 separate porous ceramic burners, four 
measuring 0.15 x 0.15 m and 10 measuring 0.15 x 0.30 m, as shown in Fig. 3.21. An 
inert board located above and in the same plane as the burner was held in a frame 
consisting of two metal channels which allowed the board to be moved sideways. 
These 14 burners were controlled individually by valves and the total flow of gas to 
the panel was controlled by a mass flow controller (Chell, CFD 100 flow controller)*. 
Prior to an experiment, a selection of valves was opened to provide a burner of the 
required area and aspect ratio for studying flame height as a function of fuel flowrate 
(in 1/mi n). Three heat flux meters were located on the centreline of the inert wall at 
20, 60 and 100 cm above the gas panel. By moving the inert wall horizontally along 
the channel frame, these heat flux meters were able to measure the heat flux on the 
centreline of the burning areas. The inert board was marked with a scale which 
allows flame heights to be determined by eye. 
Table 3.11 lists the burning area and gas flow rate in i/mm. The rate of heat release 




where V is the volume (1) occupied by n moles of gas at a pressure P (atm) and 
temperature T (K), to calculate the mass flow rate and converted to Q' using the 
equation 
Q'=thEsJJ 	 (3.15) 
with the assumption of complete combustion and the L1H  of propane is 46.45 kJ/g 
(Drysdale, 1998). 








Fig. 3.21 - Diagram showing the gas panel. Each rectangle represents a burner 
which has an individual control valve. 
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Table 3.11 - Burning areas and gas flowrates used in the gas panel tests. 
Height Width Gas flow rate 
HAY 
(m) (m) (Limin) 
0.15 0.15 1 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5, 9, 
9.5, 10, 10.5, 11.5, 12.5, 13.5 
0.3 0.15 2 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5, 10, 
10. 5, 11, 12, 13, 14, 15, 16, 17, 19, 21 
0.15 0.3 0.5 4, 4.5, 5, 5.5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,16 
0.3 0.3 1 7,8,9, 10, 11, 12, 13, 15, 17, 19, 21, 23, 25, 27 
0.45 0.3 1.5 10, 10.5, 11, 12, 	13, 14, 15, 16, 17, 18, 20, 22, 
24, 26, 28, 30, 32, 35, 
0.6 0.3 2 13, 15, 17, 19, 22, 25, 27, 29, 31, 33, 35, 37, 39, 
41,43 
0.15 0.57 0.263 6.5, 7, 7.5, 8, 9, 10, 11, 12, 14, 16, 18, 20, 22, 
25, 28, 30, 32, 34, 37, 40 
0.3 0.57 0.526 12, 14, 16, 18, 20, 23, 26, 29, 32, 35, 38, 41, 44, 
46,48 
0.45 0.57 0.789 16, 18, 20, 22, 24, 26, 29, 32, 35, 38, 41, 45, 48, 
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3.5.2 Experimental Results 
All the experimental data are presented in Appendix A-3. Fig.3.22 (a) and (b) shows 
the dependence of X f on Q' for different burning areas in normal and logarithmic 
scale. It can be seen that the flame height correlates with Q', however, divergence 
exists following the width of the burning areas. 
For fires produced by 15 cm wide burners, 
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X 1 =0.058Q'° 	 (3.16) 
For fires produced by 30 cm wide burners, 
X 1 =O.07Q'°616 	 (3.17) 
For fires produced by 57 cm wide burners, 
X 1 =0.061Q'°655 	 (3.18) 
The r2 for these three correlations are 0.965, 0.989 and 0.991 respectively and the 
values of n are close to the theoretical value of 0.66 which was determined by 
Delichatsios (1984), Quintiere et al. (1986) and Eklund (1986) (see Section 2.4.3.1). 
The fires from wider burning areas produced higher flames. Actually, the same 
observation can be seen in Hasemi's work (Fig.3, 1985) using line burners with 
different widths although the width effect was not discussed. The reason for this is 
not known but might be because of change in the turbulent structure of the flame. 
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Fig. 3.22 (a) and (b) - The relation of Xj' and Q' on vertical propane fires of 
different burning areas in normal and logarithmic scale. On the legend, h15w15 
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Heat flux distribution 
The heat fluxes from the flames to the unburned surfaces along the centerline of the 
flames were measured and plotted against the position normalised by the flame height 
(X/Xf). For clarity, Fig.3.23 (a) shows the heat flux distributions for the 15 cm and 30 
cm wide flames and Fig.3.24 (a) for width of 30 cm and 57 cm. Fig.3.23 (b) and 
Fig.3.24 (b) present the correlations in logarithm scale. In both Fig.3.23 and 3.24, 
three regions can be seen with the heat flux distributions of these 15, 30 and 57 cm 
wide flames: for X/X1 < c. 0.5-0.6, the heat flux was almost constant, for 0.5-0.6 < 
X/X1 < 1.1-1.2, the heat flux decreases with X/X1, while for X/X1 > 1.1-1.2, the heat flux 
also decreases with X/X1 but less steeply. In addition, the scatter of the heat flux 
distributions is obvious. 
In Fig.3.23 (a), it can be seen that the heat fluxes from 30 cm wide flames were higher 
than those from 15 cm wide ones. The average heat flux in the region where the heat 
flux is almost constant is approximately 25 kW/m 2 for the 15 cm wide flames and c.27 
kW/m2  for the 30 cm wide ones although this region is for X/X1 <0.5 for 15 cm ones 
while is 0.6 for 30 cm ones. The straight line sections of the heat flux distributions 
for c.0.6< X1X1  <c. 1.2 for the 15 and 30 cm wide fires can be fitted by Equations 3.19 
and 3.20 with correlation coefficients of 0.897 and 0.843. 
-2.40 
	
4.60 	 (3.19) 
X f  
-2.93 
c"= 6.12 	 (3.20) 
In Fig.3.24 (a), the 30 cm wide flames also produced higher heat flux than 57 cm 
wide ones. The average heat flux produced from the 57 cm wide flames for X/X 1 <0.5 
is c. 23 kW/m2 . This is lower than that from the 30 cm wide flames (and 15 cm wide 
flames). For X/X,- greater than 0.8, the heat flux distributions for the 30 and 57 cm 
wide flames almost overlapped although the heat flux from 30 cm wide flames 
decreased more steeply. The straight line section for c.0.5< X/Xf <c. 1.2 for the 57 cm 
wide fires can be fitted by Equation 3.21 with correlation coefficient of 0.836: 
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-2.59 
5.81 X  
X I 
There is width effect on the heat flux distributions. However, no clear trend was 
found. 
Fig.3.23 - The heat flux distributions for the 15 cm and 30 cm wide flames. 
Fig.3.23 (a) in normal scale; Fig.3.23 (b) in logarithm scale. 
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Fig.3.24 - The heat flux distributions for the 30 cm and 57 cm wide flames 
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3.6 Corner Case 
Upward flame spread on vertical walls in a corner has been demonstrated to result in 
more rapid fire growth than that on flat surfaces (Sec.2.5). However, only a few 
experiments and prediction models have been carried out and proposed for corner 
fires. Thus, experiments were designed to gain more understanding of this 
phenomenon and provide a database on which predictive models can be constructed. 
Measurements primarily made were the flame height and heat flux as they were to be 
used in modelling work. In addition, the flame spread rate was measured for 
comparison with that on flat surfaces (Chapter 5) and with future modelling results. 
3.6.1 Experimental Set-ups 
An experimental rig was designed to hold two vertical combustible samples 
perpendicular to each other (see Fig. 3.25). The combustible material used was 6 mm 
thick PMMA slabs with height of 0.26, 0.5 and im and width of 0.1m. The two 
samples were mounted and fixed against two perpendicularly connected metal 
backing plates by two metal slabs which overlapped the samples by 0.02 m. 
Consequently the effective width exposed for burning was 0.08 m. The metal plates 
can prevent flame spreading up to the back of the samples, keep the rear face of the 
samples relatively cool and prevent distortion and slumping which would otherwise 
have occurred. The two metal plates protect the edges of the samples and fix two 
inert walls in addition to fixing the samples. The two inert walls were used as an 
extension to help maintain smooth air entrainment to the corner. In addition, a scale 
was marked on it and a video camcorder was used to record each experiment. The 
flame height was determined subsequently by visual examination of the 
videorecordings. An infrared camera was used to measure the surface temperature of 
the combustible walls, from which the position of pyrolysis front can be deduced by 
tracing the 360°C isotherms. A hole was drilled at 0.24, 0.48 or 0.86 m high and 2 cm 
from the corner on each of the 0.26, 0.5 or 1 m high PMMA slabs and three pairs of 
holes on the backing plates at the corresponding locations so that heat flux meters can 
be located through these holes to measure the heat flux from the flame to the 
unburned surface. 
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The experiment started with the ignition of the bottom edges (0.02 m high and 0.08 m 
wide) of the two corner walls by a butane/propane fuelled torch, and finished with 
extinguish by a CO2 fire extinguisher when pyrolysis fronts reached top of the sample. 
Fig. 3.25 - The experimental rig for the corner/ wall tests. 
PMMA 
samples 
3.6.2 Experimental Results and Discussion 
From the infrared imaging of the pyrolysis region, a clear M-shape was observed with 
the peak pyrolysis fronts occurring at 2 cm from the corner. This is because only the 
fuel vapours released away from the corner for a certain distance can be diffused with 
air to produce a diffusion flame. Along the corner, poor mixing of the pyrolysis 
products and air occurred, forming a volume of fuel rich mixture between the corner 
and the flame reducing the heat transfer into the corner. This coincides with the 
observation of Qian et al. (1994). 
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However, the corner did pyrolyse on its lower portion, which was not noticed by Qian 
et al. (1994). It was observed from the samples after extinction that, for the 1 m high 
corner, about 25 cm of the lower portion had undergone pyrolysis. This may be due 
to a change of the fuel vapour/ air mixture as burnout occurred at the bottom section 
of the sample and a long heating from the flame. The top view of the corner/wall fire 
can be illustrated in Fig. 3.26 (a) for the lower portion and Fig. 3.26 (b) for the upper 
portion. From the videorecordings, it can be seen that the flames on the two samples 
merged even at the upper portion where a separation existed between the two 
pyrolysing regions (Fig. 3.27). 
Fig. 3.26 (a) and (b)- The schematic diagrams (top view) of the corner/wall fire. 
Fig. 3.26 (a) demonstrates the lower portion of the corner walls where pyrolysis 
occurred along the corner; Fig. 3.26 (b) demonstrates the upper portion where 
pyrolysis has not occurred along the corner. 
The relation of the peak of the pyrolysis front X and flame height XL with time t 
Fig.3.28 shows the time history of the flame tips and pyrolysis front. An accelerating 
flame spread was demonstrated. The best-fit correlations with time t of the peak of 
the pyrolysis front X (in cm) and flame height X1  (in cm) are in Equation 3.22 and 
3.23. 
X PP  =O.0006t 2 +O.lt+4.39 
	
(3.22) 
X 1 =O.0003t 2 +O.21t+ 13.3 
	
(3.23) 








The r2 for Equation 3.22 and 3.23 are 0.9897 and 0.9938. 
Qian et al. (1994) reported that there was an ignition effect for X,,, less than 20 cm in 
their PMMA tests. The PMMA slabs were 1.6 m high, 0.3 m wide and 0.02 m thick. 
Excluding the data of the initial stage (<20 cm), the pyrolysis front X, and flame 
height X1 can be re-written to correlate with t in a power function for the comparison 
with the data of Qian et at. (1995). 
	
X PP  =0.0036t"7 	 (3.24) 
X, =0.21t' °98 	 (3.25) 
The growth rate of the heights of the pyrolysis front peak and flame tips (ignition 
width: 8 cm) are lower than those reported by Qian et al. (1994) who deriving 
correlations for ignition width > 20 cm (Equation 2.72 and 2.79 in Sec. 2.6). The 
present result is consistent with the observation of Qian et al. (1994): that the flame 
spread rate increases with increasing ignition width from a spot to 20 cm, while 
remaining constant for ignition width of 20, 30 and 40 cm. 













The relation of the peak of the pyrolysis front X -, - , and flame height Xf 
The relation of the peak of the pyrolysis front X,, 1, and flame height X1 is showed in 
Fig. 3.29, giving a correlation of Equation 3.26 with r 2 of 0.957 
X 1 =1.47X,31, 
0.64 	 (3.26) 
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The relation of the spread rate of the pyrolysis front peak V and time t 
Fig. 3.30 - The time history of the spread rate of the pyrolysis front peak. 
1.1 
_u) 	I 
The high initial flame spread rate within 50 s, which is shown in Fig. 3.30, is a result 
of the heating effect of the torch. 
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The relation of the height and spread rate of the pyrolysis front peak X and V 
The correlation between the Xe,,, and Vpp is 
V P!) = 0.0048X ° 
	
(3.27) 
The r2  is 0.848. This can be compared with the data of Qian et al. (1994), giving 
Equation 2.73 
V f)1 , = 0.0134X °9 	 (2.73) 
This spread rate in this study is much lower than that found by Qian et al. (1994) for 
ignition width between 20 and 40 cm. The power is also much lower. This shows 
again that the flame spread rate is strongly influenced by the width of the corner/wall 
fire. 
Fig. 3. 31 - The relation of the height and spread rate of the pyrolysis front peak 
X,,,, and V, 
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Heat flux distribution from the flame to the unburned surfaces 
Fig.3.32 presents the heat flux measurements (average of three tests) from the heat 
flux meter at 24, 48 and 86 cm high of the 26, 50 and 100 cm samples. t1 and i,, 
respectively correspond to the time when the flame tip and pyrolysis front reached the 
heat flux meter. The duration between t1 and t represents the time when the 
preheating region is exposed to heat (Fig.2.3). 
The heat flux measured at tf and t,, for different heights of samples is listed in Table 
3.12. The heat flux corresponding to t1 did not decrease as the length of the burning 
samples was increased. This was not consistent with the observations of Qian et al. 
(1994) dealing with upward flame spread along vertical corner PMMA walls, of 
Brehob et al. (1998) concerning upward flame spread with external radiation and 
discussed in Sec. 3.4.2.3 for wall fires on flat surfaces. 
Fig.3. 32 - Variation of heat flux measured by heat flux meters at 24, 48 and 86 
cm high of the 30, 50 and 100 cm samples. 
( .......... 
jo. corresponds to the time when the flame tips reached the heat flux meters, 
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Table 3.12 - The heat flux measured at tj and t,, with 6 mm thick and 8 cm wide 
PMMA fires. 
height of heat 
heat flux corresponding to tj- heat flux corresponding to t, 
flux meter 
(kW/m 2) (kW/m 2 ) 
(cm)  
24 9.8 27.5 
48 8.4 27.6 
86 12.7 26.3 
The averaged maximum terminal heat flux was found to be 28.9 ± 1.3 kW/m 2 , which 
is lower than that on flat surfaces (30.6 ± kW/m 2 , Sec. 3.4.2.3) in a similar scale (8 
cm ignition length). A higher heat flux is expected because of cross-radiation 
between the two burning surfaces, but in this study, this effect was not significant. 
The study of Qian et al. (1994) with 20 cm ignition width reported the maximum to 
be 30.5 ± 2.0 kW/m 2 . Their heat flux measured for corner/wall fires is not higher than 
that measured on flat surfaces (Sec.3.4.2.3) either. 
Fig.3.33 presents the heat flux against the normalised flame height. In the straight 
line section of this diagram, the heat flux can be fitted by a power relation with a 
correlation coefficient of 0.837: 
-2.59 
" =9.121-f 
' x f 
(3.28) 
This is higher than the data of Qian et at. (1995). However, the ignition width was 8 
cm in this study and 20 cm in the study of Qian et al. (1995). 
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3.7 Wall Fires between Two Parallel Walls 
Upward flame spread between two vertical parallel walls is a case which may lead to 
more rapid fire growth. A fire may start on a wall and grow under the influence of the 
other wall. If it is combustible, the adjacent wall may ignite as a result of heat 
transfer from the burning wall (Wang et al., 1999). Experiments were designed to 
study the early stages of a wall fire under the influence of a parallel inert wall. 
Measurements made were of the flame height, of heat transfer from the flame to the 
unburned surface and to the parallel wall and of the flame spread rate. An important 
variable is the separation between the two walls which is believed to influence the air 
entrainment into the flame between the two walls. 
3.7.1 Experimental Set-up 
Two experiments were designed for different purposes. One was for measuring the 
heat flux and the other one for measuring the heights of the flame tips and pyrolysis 
fronts. Fig.3.34 shows the experimental set up of the first experiment, consisting of a 
steel rig and a parallel inert wall. The rig was designed to hold a combustible sample 
(0.08 m wide with height up to I m and thickness up to 25 mm) and a vertical backing 
plate secured in place so that the sample surface was flush with the rig surface using 
four clamps at the back of the rig. There was no gap between the walls and the floor. 
Two incombustible boards (1 m high and 0.4 m wide) were held in the rig to provide 
an extended plane surface, thus prevent the air being entrained from behind of the 
burning surfaces. The material used was 6 mm thick PMMA with heights of 0.26, 0.5 
and 0.98 m. A Gardon-type total heat flux meter was located at 0.02 m below the top 
of the samples to measure the heat flux from the flame to the unburned surface. 
The parallel inert wall was instrumented with three heat flux meters at heights of 0.15. 
0.45 and 0.9 m for the measurements of heat flux from the flame to the opposing wall. 
The experimental set up for the second experiment is shown in Fig. 3.35. The same 
rig holding combustible solids was used. Another rig, which acts as the parallel 
"wall", was built to allow a 10 cm wide slab of fire resistant glass to be located 
vertically along the centreline of the "wall" through which the visual flame heights 
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Exten 
can be recorded by a camcorder. Two inert boards were also provided to form an 
extended plane surface, thus prevent the air being entrained from behind of the 
"parallel wall". An infra-red camera was used to measure the temperature of the 
burning surfaces, from which the position of pyrolysis front can be deduced by tracing 
the 360 °C isotherms. 
Both experiments started with the ignition of a 1 cm high zone on the bottom of the 
solids by a butane/propane fuelled torch and ended with extinguishing when the 
pyrolysis fronts reached the top of the solids. The separation between the two "walls" 
was set to be 5, 15, 25 and 35 cm. The results were compared with those from a 
single burning wall (infinite separation). 
Fig.3.34 - The set up of the heat flux experiment 
Heat flux meter 
flame 
Heat flux meters 
paiaiiei inert wall 
WE 
Exten 
Fig.3.35 - The set up of the flame height/pyrolysis height experiment. 




3.7.2 Experimental Results 
Flame height correlation 
All the experimental data are presented in Appendix A-5. Fig. 3.36 shows the 
dependence of the flame height X1 on the pyrolysis height X for different separations 
(5, 15, 25, 35 and "infinite"). 
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From Fig.3.36 (a) and (b), it is seen that for separation a = infinite, the flames were 
the tallest and for separation a = 5 cm, the flames were the shortest. However, the 
difference between the flame height correlations for the different separations is not 
significant, especially for the turbulent flame region (X>20 cm from the experimental 
observation). The weaker influence in the laminar flame regions was expected 
because the confinement was relatively low compared with the turbulent flame 
regions. The individual correlation for the turbulent flame region for each separation 
is as follows: 
For separation a = infinite, with r 2 = 0.979 
X 1 = l.33X 1, ° '69 	 (3.29) 
For separation a = 5 cm, with r2 = 0.964 
X = l.18X,, °59 	 (3.30) 
For separation a = 15 cm, with r 2 0.990 
X 1 =l.29X °69  
For separation a = 25 cm, with r2 = 0.973 
X 1. = 1.20X,, 067 	 (3.32) 
For separation a = 35 cm, with r 2 = 0.976 
= 1.24X, 065 	 (3.33) 
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Fig. 3.36 - The dependence of the flame height X1 on the pyrolysis height X, for 
different separations (5, 15, 25, 35 and infinite). (Fig.3.36(a) in normal scale; 
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The heat flux to the unburned surfaces 
Fig.3.37 presents the measurements of the heat flux from the flame to the unburned 
surfaces for different separations against the position normalised by the flame height 
(X,X 1 ) in the logarithmic scale. It is seen that there exists a uniform heat flux region 
for XJXf <c.O.8. The heat flux in this region was between 30 to 40 kW/m 2 . There was 
no significant difference which could be related to the different separations in this 
region. 
A linear relation (in the logarithmic scale) appeared for c.0.8 <XIX,- >c. 1 .5. It is seen 
that the heat fluxes decreased when the separation was from 5 to 15 cm and increased 
when the separation was from 15 to 35 cm and then infinite. However, the effect of 
the separation on the heat flux distribution was not very significant. This is consistent 
with the observations of Foley and Drysdale (1995) and Wang et al. (1999), showing 
that the separation does have some but not strong influence on the heat fluxes 
generated at the wall although Foley and Drysdale (1995) used propane line fires 
while Wang et al. (1999) and the present work used PMMA. In the study of Foley 
and Drysdale (1995), the heat flux depended on (separation) - ' - 05 for the separation of 
6 and 10 cm. However, the experimental results in this study demonstrate that the 
heat flux was not directly proportional to the separation. The correlation for each 
separation (for c.0.8 < XiX>c. 1.5) is as follows: 
For separation a = infinite, with r 2 = 0.930 
q= 10.21 	-" 	 (3.34) 
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For X/X,, >c. 1.5, another straight line region is seen. The decrease of the heat flux 
(against X,)(1 ) was not as dramatic as for c.0.8 < XiX >c. 1.5. 
Fig.3.37 - The measurements of the heat flux from the flame to the unburned 
surfaces for different separations against the position normalised by the flame 
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Flame spread rate 
Fig.3.38 shows the flame spread rate for different separations on the im high, 0.08 m 
wide and 6 mm thick PMMA samples. For the initial 8 minutes, there was almost no 
difference, while after 8 minutes, the flames with an inert parallel wall 5 cm away 
spread most rapidly. In addition, there was still almost no difference of the flame 
spread rate between the other flames (for a= infinite, 15, 25 and 35 cm). 
The slightly higher flame spread rate associated with the 5 cm separation was not 
accompanied by either the flame heights or the heat fluxes from the flames to the 
unburned surfaces, the two parameters determining the flame spread rate. The flames 
associated with the 5 cm separation did not appear to be taller and did not produce 
higher heat fluxes than the flames associated with other separations. 
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The heat flux to the opposing inert wall 
The heat fluxes from the wall fires to the opposing inert wall at different separations 
were measured. The separation between the burning wall and the inert wall was 5, 15, 
25 and 35 cm. Three heat flux meters were located at heights X' of 15, 45 and 90 cm 
along the centreline of the inert wall. 
Fig.3.39 (a)-(d) show the heat flux distribution for these four separations measured at 
different values of X' against the ratio of the height of the heat flux meter X' and the 
flame heights (X'iX1). It is seen that the heat flux measured at any heat flux meter 
located at X' increased less and less when the flame grew taller (the X'/X decreases). 
This is particularly significant for X'=15 cm and X'/X<O.2. This is expected because 
the radiation from the "new pyrolysing zone" was low due to a low configuration 
factor. 
It is seen that the heat flux generated on the inert wall decreased when the (X'/Xf) was 
larger and increased when the separation a was shorter. The latter observation was 
consistent with that by Williamson et al. (1991), finding that the distance between the 
fire and the wall (heat receiver) affected the heat flux generated particularly 
significantly. However, no clear correlation was found between the heat flux and the 
parameters X', Xj and a. 
For the 5 cm separation, when the flame height was 90 cm, the heat fluxes generated 
on the inert wall at X' = 90 cm reached c.8 kW/m 2 which was closer to those 
measured to the unburned surfaces (c.8 kW/m 2). A photo taken at that moment 
showed that the flame tips actually filled the gap between the two walls. The heat 
flux from the flame to the burning wall and to the opposing inert wall were then 
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Fig.3.39 (a)-(d) - The heat flux distribution for four separations (5, 15, 25 and 35 
cm) measured at different X' (15, 45 and 90 cm) against the ratio of the height of 
the measuring points X' and the flame heights (X'1X1). 
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By using the configuration factor, the radiation emitted to the opposing inert wall can 
be estimated. The radiation is assumed to be contributed primarily from the 
pyrolysing zone because of a high emissivity. The surface temperature is estimated to 
be 3500C and emissivity E to be 0.85. Exemplifying the case (shown in Fig.3.40) of a 
30 cm tall and 8 cm wide pyrolysing zone, the radiation to the point located 15 cm 
high (along the centreline) on a inert wall with separation = 5 cm is 
= OEaT = 0.6 "0.8 x5.67 c10 	(400+ 273) = 5.58(kW /rn 2 ) 	 ( 3.39) 
where q r  is the radiation from the pyrolysing zone, 0 is the configuration factor and Y 
is the Stefan-Boltzmann constant (=5.67 10 kW/m2K4). The estimated radiation 5.58 
kW/m2 is higher than the measured total heat flux (=c.3 kW/m 2) but no account has 
been taken of the cooling effect of the induced flow of air. 
Fig. 3.40 - The dimension of the case studied for the estimation of radiation by 






In this chapter, only the experimental results were presented. The comparison with 
other studies and among these geometries (wall fires on flat surfaces, in a corner, 





Mathematical modelling of flame spread phenomena has become an activity of 
increasing importance within the fire safety engineering community. This is due 
primarily to the growing awareness of the need for quantitative fire risk assessment, 
but also because such modelling has been made more practicable since the 
development of some small scale apparatus (reviewed in Sec. 2.4.5). 
The Cone Calorimeter is the most commonly used apparatus which is capable of 
providing quantitative data relevant to the response of combustible materials under 
fire conditions (Sec. 1.3.1 and 3.2). However, there is still considerable debate on 
how it can best be used. Data have been used to model the response of wall lining 
materials in the Nordtest Apparatus (1986), and to predict the rate of upward flame 
spread on vertical surfaces. However, insufficient attention seems to have been paid 
to the relevance of the test scenario of these models. The Cone Calorimeter allows 
the time to ignition and the rate of heat release to be measured under a range of heat 
fluxes. Several suggestions have been made about how such data may be used for 
materials selection, but none has yet been accepted. One school of thought is that the 
data cannot be used simply to provide arbitrary ranking orders, but should be used in 
conjunction with flame spread models to assess the likely fire growth rate that could 
occur in the end-use scenario. The existing upward flame spread models provide a 
starting point for the development of a proper "engineering tool". 
The modelling work of the upward flame spread on vertical flat surfaces has been 
reviewed in Sec. 2.4.5. In this chapter, Grant and Drysdale's model (1995) will be 
discussed because this model uses data from the Cone Calorimeter and includes 
burnout. Afterwards, this model will behave as a base to access the modelling work 
for the cases of in a corner and between two parallel walls (Chapter 5). 
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4.2 Grant and Drysdale's Model for Upward Flame Spread on Vertical Flat 
Surfaces 
Based on the modelling work of Saito et al. (1985) and Karlsson (1993), Grant and 
Drysdale (1995) developed a model not only to include burnout but also to allow the 
heat release rate data from the Cone Calorimeter to be used directly as input, without 
using the approximate form as given in Equation 2.32. This resolves the problem 
which arises if the RHR can not be approximated by Equation 2.32 which assumed 
that the RHR reaches its maximum value as soon as the sample is ignited, then 
decreases with a decay coefficient X (Sec. 2.4.5). 
The development of Grant and Drysdale's model has been reviewed in Sec. 2.4.5. 
Before burnout occurs, the flame spread rate V,,(t) can be expressed as an integral 
equation of the Volterra type (second kind) (Equation 2.31) and can be solved 
numerically. 
•1 v,, (t)= 	 f''t - t, 	ct, t, } _(x I' + v , t 1 	(2.31)    
but after burnout occurs, the velocity V(t) becomes, 
VP (t)= [K~ - (t - 	 v,, (t,, kit,, } - 	 v,, (t,, )it J] 	(2.33) 
where r is the time to ignition, tb is the burnout time, Q" is the heat release rate of a 
burning material (carried out by the Cone Calorimeter), X1,, is the initial height of the 
pyrolysis zone, n and K are constants. 
To solve Equation 2.31 and 2.33, five pieces of information are needed: 
The constants n and K of a flame height correlation (see Equation 2.9). 




(5) X (, depending on the experimental set ups 
In Grant and Drysdale's model, the values of n and K were taken as 2/3 and 0.0666, 
following the flame height correlation of Tu and Quintiere (1991). Values of Q", r 
and tb were provided by Cone Calorimeter tests with a heat flux 20 kW/m 2 (for 
cardboard). The Xp, was set up to be 0.02m. Very satisfactory results were obtained 
for the rate of upward flame spread on vertical samples of cardboard. 
4.2.1 The Flame Height Correlation 
The flame height of wall fires on a flat surface has been studied experimentally and 
theoretically, which has been investigated in Sec. 2.4.3. One can see that all these 
correlations are in the form of Equation 2.9, however, difference exists between the 
values of the n and K. 
X 1 = KQ" 
	
(2.9) 
The sensitivity of the flame height correlation to the modelling result is analysed 
associated with the data of Q" of 6 mm thick PMMA under the irradiance of 15 
kW/m2 (the RHR following the standard procedure in Fig. 3.1). The value of r was 
480 s, tb was 802 s and X,, was set to be 0.002 m. The influence of ii and K is 
examined separately. 
4.2.1.1 The influence of power "n" 
With the value of K set as 0.066, the values of n examined are listed in Table 4.1. 
Table 4.1 - Values of n examined (with K=0.066). 
ii 
Steady state flame spread rate 
(mmls) 
Test 1 2/3 4.7 
Test 2 0.8 >200 
Test 3 1 Steady state not reached 
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The modelling results are shown in Fig. 4.1. The influence of the value of n is very 
significant. Numerically, for values of n greater than unity, the prediction of flame 
spread rate will increase exponentially and never reaches a steady state. However, 
even for n = 2/3 and 0.8, the influence of the value of n is also very significant, giving 
a steady state flame spread rates of 4.7 mm/s for n = 2/3 and over 200 mm/s for n = 
Fig. 4.1 - The flame spread rate prediction of Grant and Drysdale's model 
applying different values of ii of the flame height correlation. In Fig.4.1 (a), the 
predictions for n = 2/3, 0.8 and 1 are presented while Fig.4.1 (b) only presents for 
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4.2.1.2 The influence of the constant "K" 
With the value of n set to be 2/3, the values of K examined are listed in Table 4.2. 
The steady-state flame spread rates for values of K = 0.044, 0.055 and 0.066 are 1.37, 
2.67 and 4.73 mm/s. It is seen that for the value of K increasing from 0.044 to 0.066, 
which is 50% greater, the steady-state spread rate is 245% greater. The influence of 
the value of K is also significant. 
From Sec. 4.2. 1.1 and 4.2.1.2, it can be seen that the determination of the flame height 
correlation is very important. 
Table 4.2 - The values of K examined. 
K 
Steady state flame spread rate 
(mmls) 
Test 1 0.044 1.37 
Test 2 0.055 2.67 
Test 3 0.066 4.73 
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4.2.2 The Role of the Cone Calorimeter 
The Cone Calorimeter is capable of providing the data of Q', r and tb under a 
selected irradiance level. During the tests, the vertical sample faces the cone heater, 
simulating the fire behaviour of the surface exposed to radiant heat from a nearby fire. 
The selected irradiance in the modelling work is the averaged heat flux which 
represents the assumed constant heat flux to the unburned surface in the preheating 
zone (Fig.2.3). 
4.2.2.1 The Representative Heat Flux 
The representative heat fluxes used in previous upward flame spread models have 
been summarised in Table 2.2 (Sec. 2.4.4.1), ranging from 20 to 30 kW/m 2 . From the 
experimental investigation in Chapter 3, the averaged heat flux was determined to be 
around 15 kW/m 2 . The influence of the representative heat flux is examined by 
applying the data of Q' obtained with different irradiances listed in Table 4.3. The 
values of n and K used in the model are 2/3 and 0.066. 
The modelling prediction applying the three irradiances (15, 20 and 25 kW/m 2 ) are 
shown in Fig. 4.3. As to be expected, the larger the irradiance is applied, which 
represents the heating effect in upward flame spread, the higher the flame spread rate 
is produced. At 1800s, the flame spread rate is predicted to be 4.7, 24.8 and 56.8 
mm/s applying the irradiances of 15, 20 and 25 kW/m 2 with the 6 mm thick PMMA 
samples. 
Table 4.3 - The effect of changing the irradiance value. 
Irradiance (kW/m 2 ) flame spread rate at 1800 s 
(mmls) 
Test 1 15 4.7 
Test 2 20 24.8 
Test 3 25 56.8 
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Fig. 4.3 - The modelling prediction applying three irradiances (1= 15, 20 and 25 
kW/m2 ). 
M.  
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4.2.2.2 The Role of the Cone Heater 
In the upward flame spread modelling work, the cone heater in the Cone Calorimeter 
simulates the heating effect from the flame to the unburned surfaces. Therefore, the 
irradiance of the cone heater is determined to be the average heat flux in the 
preheating region. The schematic of the roles of heat feedback from the flame and the 
cone heater is presented in Fig.4.4. 
Before ignition, the sample is exposed to the heater, simulating the preheating 
behaviour of the unburned region ahead of the pyrolysis front. However, once 
burning, the process is self-sustaining and the rate of burning (hence the RHR) is 
controlled by heat transfer from the flames at the burning surface. No additional heat 
input is present. The flame spread model still requires data on the time to ignition 
under an imposed heat flux which models that from the flame in the preheating region 
(X1 - X,), but after ignition occurs the RHR in the absence of an imposed heat flux 
should be used. 
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To test this hypothesis, appropriate data have to be obtained using the Cone 
Calorimeter in an unconventional manner. The ignition delay is first determined, but 
then the cone heater is moved immediately after ignition has occurred, leaving the 
sample to burn without any supplementary heating. The heater is required only to 
simulate the heat flux from the flame to the surface in the region (X 1 - Xe). 
Fig.4.4 - The schematic of the roles of heat feedback from the flame and the cone 
heater. 
(a) the unburned region before ignition 





(a') the sample before ignition 	 (b') the sample after ignition 
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The Modified Procedure using the Cone Calorimeter 
The relevant data were obtained by moving the cone heater away from the sample 
immediately after ignition. Ideally, it should be removed completely, but this is not 
possible within the standard equipment. Instead, it was moved upwards by the 
manually operated screw mechanism into a position in which the lowest edge of the 
heater was 2.5 cm above the top edge of the sample. This took about 10 s. In 
separate experiments the residual radiant flux to the surface was found to be 0.3-0.6 
kW/m2 (Table 3.2, Sec.3.2.2) when the power of the heater was set to give 30 kW/m 2 . 
To a first approximation, it is assumed that the "residual" radiation can be neglected, 
particularly when the heater is operating at a lower power (15 kW/m 2 at the sample 
surface). 
Typical data on the transient rate of heat release of PMMA samples exposed to 15 
kW/m 2 in the standard and "modified" tests have been shown in Fig.3. 1 and discussed 
in Sec.3.2.3. The comparison between the experimental results and the flame spread 
rates predicted from Equations 2.31 and 2.33 are shown in Fig 4.5. It is clear that the 
result obtained from the model with the RHR data from the modified procedure is in 
much better agreement with experiment. The early rate of spread appears to be 
underpredicted, but it is likely that the additional heat provided by the ignition source 
would affect the early stages of flame spread. This would give a higher initial RHR at 
the beginning of each experiment. 
Given this result, it is surprising that Grant and Drysdale (1995) obtained such good 
agreement for upward flame spread on cardboard when the standard procedure was 
used to obtain RHR data in the Cone Calorimeter. Using the same model, Anderson 
and McKeever (1996) found good agreement for hardboard, plywood and wallpaper-
covered wood surfaces, albeit with a much higher irradiance from the cone heater (35 
kW/m2). The reason may lie in the sensitivity of the rate of heat release to external 
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Fig. 4.5 - The comparison of the experimental measurement of the flame spread 
rate of 6mm thick PMMA slabs and the prediction from Grant and Drysdale's 
model with the standard and non-standard test procedures. 
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Brehob and Kulkarni observed that mass loss rates from different materials in the 
vertical orientation exhibit different sensitivities to external radiation when burning 
(1989). Assuming that the heat of combustion remains constant during the burning 
process, mass loss rate is directly proportional to the rate of heat release (Equation 
4.1) and similar sensitivities would be expected from measurements made in the Cone 
Calorimeter. 
RHR=m AH, 	 (4.1) 
For 6mm thick PMMA (see Fig.3.1), the rates of heat release differ markedly in the 
presence and absence of supporting radiation. Similar results for 2.5mm thick 
cardboard are shown in Fig.3.2: there is no significant difference in the RHR curves 
with and without an imposed heat flux of 15 kW/m 2 . The reason has been discussed 
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in Sec.3. 1. As a result, there is no difference in the predicted rates of upward flame 
spread on cardboard (Fig.4.6). 
Fig.4.6 - Upward flame spread rate of 2.5mm thick cardboard predicted by 
Grant and Drysdale's model with the standard and non-standard Cone 
Calorimeter test procedures. 
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4.2.2.3 The data of Q, rand t,, 
After the irradiance has been determined, the value of Q' can be measured directly in 
the Cone Calorimeter using the non-standard test procedure, while the values of 'r and 
tb are determined by the observer. (The value of r is determined by the presence of a 
sustained flame and the value of tb by the presence of a burnout region on the sample 
surface.) 
4.2.3 The initial ignition zone 
The initial ignition zone Xp() depends on the experimental set up. Its effect on the 
modelling work can be examined numerically. Table 4.4 lists the heights of the 
149 
ignition zone examined on 6 mm thick PMMA slabs. Fig. 4.7 shows the prediction 
results with values of n and K to be 2/3 and 0.066 and applying the standard test 
procedure. 
From Fig. 4.7, it can be seen that for these two heights of ignition zone, only the 
initial flame spread rate is influenced and afterwards, reaches almost identical steady 
state flame spread rate (4.72 mm/s). The results are expected. 
Table 4.4 - The X,, 0 examined. 
X,, (, (m) Steady state flame spread rate 
(mm/s) 
Test 1 0.002 4.72 
Test 2 0.02 4.72 
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4.2.4 The Modelling Work Considering the Two Distinct Regions of the Flame 
Height Correlations 
The flame height correlation of a wall fire has been reviewed in Chapter 2 and 
determined experimentally in Chapter 3 (using PMMA slabs of different aspect ratios 
and gas burners). The results clearly show two distinct regions for values of Q' 
greater than and less than 20 kW/m (The results are summarised in Fig. 5.4. Sec. 
5.3.2). For Q' <20 kW/m, the value of n (Equation 2.9) is approximately 1, while 
for Q' >20 kW/m it is c.2/3. 
Modelling work in earlier studies (Sec. 2.4.5) and in the previous sections of this 
chapter apply the flame height correlation for Q' > 20 kW/m for the entire range of 
values of Q', ignoring the different correlation for Q <20 kW/m. 
The flame height correlations carried out for Q < 20 kW/m are considered using 
Equations 3.5 and 3.7. These two equations were carried out for PMMA wall fires 
with Q' < 30 kW/m and represent the two extreme cases producing the tallest and 
shortest flames (Case B and Case D) among the four different lower edge 
configurations studied in Section 3.3.2. With Case B, no floor and no protection of 
the bottom edge were present, while with Case D the burning wall was with an 
extended plate. 
For Case B, 
X f = 0.018Q" °° 	 (3.5) 
For Case D, 
Xf = 0.01 IQ" 25 	 (3.7) 
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Fig. 4.8 shows the predictions for the early stages of flame spread when Q < 20 
kW/m, applying the flame height correlations of Case B and Case D (Equation 3.5 
and 3.7). The RHR curve used for this modelling work was from the Cone 
Calorimeter for 6 mm thick PMMA under 15 kW/m 2 irradiance applying the non-
standard test procedure. The prediction using Tu and Quintiere's correlation (1991) 
(for c.15 kW/m <Q' <c.200 kW/m) is included for comparison, which gives the 
values of n and K (Equation 2.9) to be 2/3 and 0.066. Fig. 4.5 has shown a good 
agreement between the prediction applying Tu and Quintiere's correlation (199 1) and 
experimental data. 
It is seen that the predictions of flame spread rate obtained by applying Equation 3.5 
and 3.7 (Case B and D) are much lower in the early stages than when Tu and 
Quintiere's correlation (1991) is applied. It is expected that the flame spread rate 
prediction applying Equation 3.5 and 3.7 will be higher than that using Tu and 
Quintiere's correlation after a certain time because the power n in Equation 3.5 and 
3.7 is ~! 1, which will predict an exponential increase (see Fig.4.1). Logically, 
Equation 3.5 or 3.7 should be adopted for Q' <20 kW/m and the model run with this 
correlation until Q= 20 kW/m. Then Tu and Quintiere's correlation would be 
applied for Q' > 20 kW/m. Grant and Drysdale's model needs to be developed to 
incorporate the flame height correlations for different values of Q'. Figure 4.8 shows 
clearly that applying Tu and Quintiere's correlations (1991) for values of Q < 20 
kW/m actually overestimates the flame spread rate in the early stage. 
The predictions of flame spread rate obtained by applying Equation 3.5 and 3.7 (Case 
B and D) are also much lower than the experimental data shown in Fig.4.5. However, 
it has to be noticed that the initial measured rate of spread (Fig. 4.5) is high because 
of a strong initial heating by a blow torch. In a real fire, ignition source often 
continues for some time after the combustible material ignites. More research is 
needed to examine the ignition process, which can provide more realistic information 
for its modelling work. 
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The two discontinuities which appeared at 423 s with the predictions for Case B and 
D are because burnout of the lowest section of the sample occurred at that moment, 
which results in a sudden drop of the pyrolysis area and of the flame spread rate 
prediction. This is a numerical problem. However, the initial peak at about 10 s and 
the subsequent fall in the predicted flame spread rate are a result of the non-standard 
Cone Calorimeter test procedure. Immediately after ignition, the cone heater is 
moved away and the imposed heat flux falls from 15 kW/m 2 to almost zero. The 
decrease can be explained by a slight cooling of the surface until the flame becomes 
established at the surface (see the curve of 15 kW/m 2  irradiance and non-standard test 
procedure in Fig.3.1). 
Fig. 4.8 - The modelling predictions applying the flame height correlations of 
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4.2.5 Conclusions 
Grant and Drysdale's model (1995) has been discussed in this chapter, and the 
following conclusions can be made. 
(1) 	The flame height correlation can influence the modelling results very 
significantly. 
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The irradiance applied in the Cone Calorimeter, which simulates the heat 
transfer to the unburned region, also has great influences on the prediction. 
The RHR data obtained with the non-standard test procedure is more relevant to 
the real heat transfer behaviour in the preheating region. 
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Chapter 5 
Cflhl CC'! flfl 
5.1 Introduction 
The objectives of this study were to contribute towards the understanding of wall fires 
on flat surfaces, in a corner and with the influences of a parallel wall. The behaviour 
of the wall fires was investigated experimentally by determining important 
parameters. The upward flame spread rate of the wall fires can be predicted by using 
a model with these parameters as input data. 
In this chapter, an overall discussion will be conducted to examine the adequacy of 
the experimental apparatus, methods, modelling work, etc. 
5.2 Apparatus to Simulate the Upward Flame Spread on Vertical Surfaces 
To simulate a wall fire, several types of experiments have been carried out: 
gas line burner against an inert wall (Hasemi, 1985; Sugawa, 1991), 
vertical panel fuelled by gas, e.g. natural gas, propane (Coutin et al. 1999; this 
work), 
vertical combustible solid ignited uniformly over the whole surface (this work) 
and 
vertical combustible solid ignited on its bottom edge (Quintiere et al., 1986; this 
work). 
Here the physical burning area of the fires and the RHR released from the fires 
associated with these experiments are discussed because these two parameters 
determine the flame height and heat flux from the flame to the unburned surface 
which are required for the modelling work. 
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5.2.1 Gas line burner against an inert wall 
The schematic diagram of a line fire against a wall is in Fig. 5.1 (Hasemi, 1985; 
Sugawa, 1991). The rate of supply of the gaseous fuel (m 3/S  or g/s) can be controlled 
by a rotameter or a mass flow controller. By adjusting the gas flow, different mass 
flow rates, which will determine the RI-IR (Equation 5. 1), can be produced to simulate 
different rates of burning. 
The burning area of a line fire against a wall is not an 'area' if compared with other 
solid combustible materials. In addition, the source of flame is horizontal. This is 
different from burning walls, where combustible vapours are released from a vertical 
surface. Hasemi (1985) noticed that the behaviour of flame near the line burner may 
be different from that of a vertical fuel. 
The RHR per unit width Q transferred from the line fire is calculated by Equation 5.1. 
Q=th'AH. 	 (5.1) 
where th is the mass flow rate of the gas fuel per unit length (g/s .m), x is the 
completeness of combustion and AJ-I is the net heat of combustion. For a line burner, 
in' is set up manually and will not change during burning. The value of x is 
determined by the geometry, air entrainment, cooling by the environment, etc. and 
depends on the fuel, and AH, also depends on the fuel. 
Fig. 5.1 - The schematic diagram of a line fire produced by a line burner against 
an inert board. (* Gaseous fuel emerging from the line burner) 
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5.2.2 Gas Panel Simulation 
The schematic diagram of a fire produced by a vertical gas panel is in Fig. 5.2. Like a 
line burner, the flow rate of fuel is controlled, either using a rotameter or a mass flow 
controller. By adjusting the gas flow, different mass flow rate can be produced to 
simulate different rates of burning. 
One advantage of the gas panel simulation, compared with using a line burner, is that 
the gas panel produces a vertical burning surface from which the gaseous fuel 
emerges. This is closer to a real wall fire. 
The total mass flow rate is also fixed during burning once the flow rate is set up. The 
value of X  can be determined by the geometry, air entrainment, cooling by the 
environment, etc., and All, depends on the fuel used. 
Fig. 5.2 - The schematic diagram of a wall fire produced by a vertical gas panel. 




Porous gas panel 
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5.2.3 Simulation by Vertical Combustible Solids Initially Ignited Uniformly 
Using a vertical combustible solid (this work) is definitely closer to real wall fires. If 
the solid is initially ignited uniformly over its whole surface, the initial mass flow rate 
is expected to be uniform. However, the local mass flow rate will change depending 
on the local heat transfer from the flame (and external heat sources) and will not be 
uniform over the surface. 
To simulate different burning rates, an external radiation is usually applied, which can 
increase the local mass flow rate by increasing the radiative heat transfer. The 
schematic diagram of the simulation by a vertical burning solid is shown in Fig. 5.3. 
The RHR per unit width of the vertical burning solid is determined by Equation 5.2. 
Q'= th"xtXHX,., 
	 (5.2) 
where X is the height of the burning surface. The value of X is affected by the 
geometry, the air entrainment, cooling from the environment, etc. The local and total 
mass flow rate are self-determining and can only be changed by the external radiation. 
This is different from the line burner and gas panel, with which the total mass flow 
rate is fixed by the experimentalist. 




combustible 	 4— radiation 
solid 	 4- 
4- 
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5.2.4 Simulation by Vertical Combustible Solids Ignited along the Lower Edge 
A combustible solid ignited along its lower edge could produce an upward spreading 
fire. This kind of fire is a real wall fire in real fire conditions. However, compared 
with the vertical burning solid initially ignited uniformly, this fire may not produce a 
specific shape of burning area. 
5.2.5 Comparison of These Four Simulations 
Table 5. 1 summarises the comparison of some properties of these four simulations. 
For line burners and gas panels, the total mass flow rate of gaseous fuel is controlled 
manually. Once set up, the mass flow rate is fixed and does not change by other 
factors, e.g. geometry. On the contrary, for burning solids, the mass flow rate is 
determined by the heat transfer to the burning surface, which is influenced by 
geometry, external heat source, etc. 
Those simulations with which the shape of the burning area is fixed can be controlled 
more easily to produce systematic investigation. However, the difference between 
those simulations and real spreading wall fires should be kept in mind. 
Table 5.1 - The comparison of some properties of different simulations. 
Combustible solid 
Line burner Gas panel 
Ignited 




Total mass flow 
fixed fixed various 
rate during burning 
May be May be 
Completeness of May be changed by other 
changed by changed by 
combustion factors 
other factors other factors 
Horizontal; Vertical; Vertical; I 	Vertical; 
burning area I 
shape fixed shape fixed shape fixed shape varied 
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5.3 Flame Height 
In Sec.4.2. I, it can be seen that the flame height correlation plays a very important 
role in upward flame spread modelling. In Chapter 3, the flame height was measured 
on vertical steady burning solids (for 0'<30 kW/m), spreading flames and on fires 
from a gas panel (for 10 kW/m < Q'<l 10 kW/m). In addition, the flame height of 
fires in a corner and with the influence of an inert parallel wall has been investigated. 
In this section, all the flame height measurement will be discussed together. 
5.3.1 Determination of Flame Height 
The visible flame height of a wall fire, especially as it is turbulent, is not easily 
determined because of the fluctuation. Sugawa et al. (1991) summarised four 
methods, which have been reviewed in Sec.2.4.3.1: (1) infrared-images, (2) 
judgement by eye, (3) normal photographs and (4) video tape recordings. Saito et al. 
(1985) used another method detecting the sharp increase of thermocouple 
temperature. The flame heights depend strongly on the observation or record 
methods. In addition, personal difference in eye-averaged flame heights seemed to be 
unavoidable. Chitty and Cox (1979) defined flame height on a statistical basis and 
designed an experiment which was able to analyse the positive ion current drawn by a 
electrostatic probe immersed in the fire plume. Flame height was then determined to 
be the location where flame being present for 50 % of the time. Their measurement 
was consistent with the eye-averaged flame height for a methane diffusion flame 
above a 0.3 m square porous burner. Moreover, Zukoski et al. (1984) used 
measurements of flame persistency to determine flame height of pool fires. Coutin et 
al. (1999) applied an objective methodology using a CCD camera to map flame 
luminosity for measuring wall flame heights. This kind of objective methodology 
should be able to produce more accurate flame height correlations. 
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5.3.2 Comparison of Previous Flame Height Correlations on Flat Surfaces and 
Those in This Study 
All the experiments for wall fires on flat surfaces have shown that the flame height 
correlation conforms to the form (Equation 2.9): 
X 1 =KQ" 
	
(2.9) 
The type of experiments (Sec.5.2) and the geometric configuration may affect the 
values of K and n. 
Fig. 5.4 - The comparison of previous flame height correlations and those in this 
study 
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The flame height correlations carried out for steady burning PMMA fires (for Q <30 
kW/m) and from a gas panel (for 10 kW/m < Q<l 10 kW/m) are compared with 
previous ones derived theoretically or experimentally (Fig. 5.4). The correlation of 
the gas burner line fires is from Fig. 2.3, that of the vertical burning solid is from Fig. 
2.5, and the spreading flame data and the Delichatsios correlations (laminar and 
turbulent) are from the studies of Saito et al. (SQW, 1985) and Delichatsios (1984). It 
can be seen that the correlations obtained in this study show very good agreement 
with the previous ones. 
There are two distinct regions of correlation. For Q< c. 20 kW/m, the power ii of the 
flame height correlation (Equation 2.9) is about 1, while for Q> c. 20 kW/m, the 
value of n is about 2/3. These regions of correlation are actually associated with 
laminar or turbulent flames. Wall fires were observed to be turbulent when the 
flames were higher than approximately18 cm (Orloff et al., 1976), which is 
approximately for Q'> c. 20 kW/m. 
5.3.3 Effect of Geometric Configurations on the Flame Height 
The geometries investigated experimentally in Chapter 3, which may affect the flame 
height correlation, are as follow. 
• lower edge configurations (on a flat surface) 
• sidewalls (on a flat surface) 
• the width of a burning area (on a flat surface) 
• in a corner 
• with a parallel inert wall nearby (on a flat surface) 
The effect of each geometric configuration has been shown individually in previous 
chapters. Some conclusions for wall fires on flat surfaces can be made: 
1. The lower edge configuration of a wall fire changes the air entrainment pattern, 
which influences the formation of boundary layers and then the flame height (at 
least for PMMA with height <30 cm). 
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The presence of sidewalls increases the flame height as sidewalls help maintain 
one-dimensional air entrainment along the vertical burning surface (at least for 
PMMA with height <50 cm). 
The fires from wider burning areas produce higher flames (at least for propane 
fires with Q'<200 kW/m). 
The flame height correlations for a flat surface, in a corner and between two parallel 
walls are compared in Fig. 5.5. The details of these cases are listed in Table 5.2. The 
experimental data are from PMMA fires. The PMMA slabs were 8 cm wide and 6 
mm thick with height of 0.5 m or 1 m. 
Table 5.2 - The geometrical arrangements of the flame height experiments using 
PMMA. 
Correlation (XI. and X1, in meters) 
On a flat surface Xf =1.35X,, °87 	(Equation 3.9) For 0<X<0.35 m 
(no floor) 
In a corner 
X1 =1.47X,, 064 	(Equation 3.26) For 0<X,,<0.7 m 
(with floor) 
Parallel case 
(separation: infinite; X1 = 1 .33X 0.69 	(Equation 3.29) For OX<0.7 m 
with floor) 
Parallel case 
(separation: 5 cm; X=1 .1 8X 0.59 	(Equation 3.30) For O<X<0.7 m 
with floor) 
It is seen that the wall fires in a corner produced the tallest flames for a given 
pyrolysis height X,,,. In addition, the influence of a parallel wall was not very strong. 
Note that, the only difference between the two sets of experiments involving a flat 
surface (described as "flat surface on its own", and "flat surface with a parallel wall at 
infinite separation") was that the former did not have a floor present, while the latter 
was directly on a floor. It would appear that the presence of a floor increases the 
height of a flame. This is consistent with the observation of flame height made in the 
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Cone Calorimeter for PMMA samples shorter than 30 cm with Q' <30 kW/m (Sec. 
3.3.2). The flame associated with Case A (with floor) is higher than that with Case B 
(no floor). 
Fig. 5.5 - The comparison of the flame height correlations shown in Table 5.2 for 
the cases of on a flat surface, in a corner and between two parallel walls. 
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The flame height correlation discussed here is against the pyrolysis height X,,, giving 
X = KJX,, 	 (5.3) 
However, the form (Equation 2.9) in which the flame height is correlated against the 
heat release rate per unit width Q' is more useful for the analysis of the flame spread 
rate of a wall fire. Section 5.3.2 has shown that the flame height correlation for wall 
fires on flat surfaces conform to this form (Equation 2.9). In this study, however, the 
values of Q were not measured in the experiments of wall fires in a corner and with 
the influence of a parallel inert wall. 
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For the cases of wall fires on a flat surface and with the influence of a parallel inert 
wall, the relationship of the flame height correlated against X,, and Q' can be seen in 
Equation 5.4. 
	
X 1  = KQ" = K(th"XAH e X p )" 
	
(5.4) 
where Ph" is the mass flow rate of the gas fuel per unit area (g/ m 2 6 s), X  is the 
completeness of combustion and All, is the net heat of combustion. 
Therefore, Equation 5.3 can be re-arranged, giving Equation 5.5 
=K 	
H 	 (5.5) = K1 	•, 
th"XAH 	(th"xMJ)" 
It can be seen that even the value of K1 is higher in a flame height correlation, after 
the correlation is re-arranged to be set against Q', the value of K may be lower if the 
value of (th"X AH, ) is higher. th"and x  are self-determining in the PMMA 
experiments. Thus, the sequence of flame height correlation shown in Fig. 5.5 may 
not directly determine that of the flame spread rate. For this analysis, the values of 
rn' and X  are needed. 
Hasemi has obtained data (1996) of the flame heights in a corner, giving 
xH =6.oQ:° 	 (2.71) 
where 
* 	Q 
= pCpTo(gH)112(WH) 	 (2.70) 




Xf = KQ' °6 X' = K 1 Q °6 X 7 	 (5.6) 
where K, and K3 are constants. It was found that the flame height in a corner is not 
only related to 01 - 
5.4 Heat Flux 
5.4.1 Effect of Geometric Configuration 
The heat fluxes measured ahead of the pyrolysis front for different geometric 
configurations have been presented in previous chapters. Every heat flux distribution 
plotted against the ratio XiX in a logarithmic scale forms the shape as shown in Fig. 
5.6 (see Fig. 3.19, 3.23, 3.24,3.33 and 3.37). There are three regions: 
Region I: The heat flux is approximately constant. 
Region II: The heat flux decreases linearly. 
Region III: The heat flux decreases linearly, but less rapidly than in Region H. 
Only the heat transfer in Region I and II will be discussed because of their 
contribution to the upward flame spread. 
Fig. 5.6 - The shape of heat flux distribution against the X/X1. 
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flux 
q max  
x/xf  
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Table 5.3 summarises the heat flux correlations in this and previous studies. Details 
are given in previous chapters. The geometric configurations correspond to a wall fire 
on a flat surface, in a corner and between parallel walls. 4rnax  is the averaged heat flux 
in Region I. 
For wall fires on flat surfaces, the values of 	(Region I) in all the experiments was 
between 25 to 30 kW/m 2 for XiXj <0.5-0.6. The comparison of the heat flux 
correlations for wall fires on flat surfaces in Section II are shown in Fig. 5.7. A good 
agreement can be seen between the correlations in this (PMMA, gas panel tests) and 
previous studies (Hasemi, 1984; Quintiere et al. 1986). The heat fluxes in the study 
of Quintiere etal. (1986) and Hasemi (1985) were generally low. This may because 
the heat flux meters were mounted in a water-cooled copper plate above the burning 
surface in the study of Quintiere et al. (1986), and in Hasemi's study (1985), the 
vertical wall was a water-cooled "isothermal" wall. The water-cooled copper plate 
and isothermal wall absorbed some heat which would otherwise have been carried 
upwards. The heat flux measured on the wall above consequently was reduced. 
The effects of the width of a burning surface and the presence of sidewalls on the heat 
flux distribution have been described in Sec.3.4 and 3.5 by using PMMA slabs and a 
gas panel. The presence of sidewalls was found to decrease the heat flux (c. 15% in 
the PMMA experiment in Fig.5.7). In addition, there was an effect of width. 
However, no clear trend of the width effect was found for the wall fires with widths 
between 15, 30 and 57 cm. The 30 cm wide flames produced higher heat fluxes than 
the 15 and 57 cm wide flames. More data are needed. 
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Table 5.3 - The heat flux correlations discussed. 
experiment Region I Region II 
PMMA (0.5 m 30 kW/m 2 
272 
= 8.27 [__') 
long. 7 cm wide, 6 X1 J Width= 
mm thick) ( i 	X<0.63 ( x 7 cm 0.63 
(Without sidewalls) 
PMMA (0.5 m 30 kW/m2 [f2,57 7.26 
long, 7 cm wide, 6 X 1 
 
Width= 
mm thick) I 	1<0.62 x 7 cm 
X J J 0.62 
(With sidewalls) 
( 
25 kW/m 2 
j2,40 
= 4.6 1 
Gas panel tests xf Width= 
(propane) ( x ( x 15 cm 
(\.--J<05 0 . 5<1- I<i.i 
X1) 
Wall fire 
on a flat X =6.121 
surface 27 kW/m2 
f2.93  
X f Gas panel tests Width= 




Propane line burner xf J Width= 





Six materials qn= = 25 kW/m2 = 4 . 31 2L 
X  J Width= Quintiere et al. ( x 
0.5<1 	<1.6 
28.5 cm  
(1986) 
<° .5 iJ 
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2.59 
PMMA (1 m high, ax 	30 kW/m2 9.12__ 
j 
X Width= 
8 cm wide, 6 mm 
1 x 8 	c thick) X 0.6< 
X I 
PMMA (0.45 m 32.5 
In a high, 20 cm wide, 2 kW/m





corner cm thick), ( 	
<0.55 
x I x 20 cm 
Qian et al. (1994) X 1 X 1 
Gas panel tests q=x 	28 kW/m2 
 f2*8 
( = 5.8— 
Xf   Width=  (propane), 
)<0.55 1 x 22.5 cm Hasemi (1996) X 1 
X I 
f 	\3.11 
PMMA (1 m long, 1ax 	kW/m2 ' = 10.21 	
X 
Separation 
8 cm wide, 6 mm ( x 
)<0.7 =infinite 
thick) 0.7<[j<1.5 
Between X 1  
parallel 3-89 
walls PMMA (1 m long, 35 kW/m 2 = 9.13  
X1 j Separation  
8 cm wide, 6 mm ( 
cm 
thick) xjJ<O7 o.7<[__j<l.5 
X f  
The effect of the presence of a parallel inert wall on the heat flux distribution has been 
studied in Sec. 3.7. The material used was 6 mm thick, 8 cm wide and 1 m high 
PMMA. The experiment started with ignition of a 1 cm high zone on the bottom of 
the slabs. It was seen that in general the heat fluxes decreased when the separation 
was from 5 to 15 cm and increased when the separation was from 15 to 35 cm and 
then infinite. Fig. 5.8 presents the correlations in Region II (Fig.5.6) for the two 
extreme cases: separation = 5 cm and infinite (without a parallel wall). 
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Fig. 5.7 - The comparison of the heat flux correlations in Region H for wall fires 
on flat surfaces. 
100 
• with sidewalls 
• without sidewalls 
—h--gas panel (w=115cm) 
10 	
gas panel (w=30cm) 
Cts 
* Hasemi (1984) 
• Quintiere et al. 
(1986) 
0.1 	 1 	 10 
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Fig. 5.8 also shows the heat flux distributions of wall fires (Region II) for a corner 
obtained in this and previous studies (Qian etal., 1994; Hasemi, 1996). There is good 
agreement between these correlations. The widths of the burning surfaces in these 
studies were different: 8 cm wide PMMA slabs in this study, 20 cm wide PMMA 
slabs in the study of Qian etal. (1994) and 22.5 cm propane fires in Hasemi's (1996). 
It seems that the width effect on the heat flux distribution of a corner/wall fire is not 
large at least for width <c.20 cm. 
From Table 5.3 and Fig. 5.8, the comparison of the heat flux distributions (in Region I 
and II) in a corner, between parallel walls and a single wall (parallel case with infinite 
separation) can be shown. Surprisingly, the difference between these geometric 
configurations is not significant. Even for the corner/wall fires, the cross radiation 
from the other wall fires does not increase the heat flux at least for the wall fires with 
width <20 cm. 
Several conclusions can be made according to those observations discussed above: 
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(at least for wall fires on 1 m high and 20 cm wide samples) 
The heat flux distributions for wall fires on flat surfaces, in a corner and with the 
influence of a parallel inert wall are similar when plotted against X/X. 
There exist three regions as demonstrated in Fig. 5.6. 
The levels of 	(Region I) are between 25 to 35 kW/m2 for wall fires on flat 
surfaces, in a corner and with the influence of a parallel inert wall. However, 25 
kW/m 2 was obtained when water-cooler plates were used (Hasemi, 1985; 
Quintiere et al., 1986). Only one of the experimental data sets in this present 
work falls this low (gas panel tests with width of 30 cm, Table 5.3). Therefore, 
30-35 kW/m 2 might be an acceptable range. 
The results appear to be independent of the nature of the fuel (at least for PMMA 
and propane). 










Cu 1 parallel-a= infinite 
C) 
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0.1 I 	 I 
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5.5.Flame Spread Rate 
The methods for deducing the position of the pyrolysis front are as follows: 
(I) monitor the surface temperature of a burning wall by thermocouples 
monitor the surface temperature of a burning wall by a infra-red camera 
for PMMA, the pyrolysis front can be observed from the back of the material by 
the appearance of bubbles. 
In this study, the third method was adopted in the spreading PMMA experiment 
(Sec.3.4), while the experiments of PMMA wall fires in a corner and between two 
parallel walls used the second method. For the first and second methods, the ignition 
temperature of a material has to be known. The ignition temperature of PMMA was 
estimated to be 3600C in this study. 
The upward flame spread rates of the PMMA wall fires on a flat surface, in a corner 
and between two walls are compared in Fig.5.9. The PMMA samples were 6 mm 
thick, 8 cm wide and from 0.5 to 1 m high. However, the heights of the ignition zone 
(at the "foot" of the slabs) were 2 mm in the spreading PMMA tests and 1 cm for the 
corner and between two walls. The ignition effect is believed to only affect the early 
stage, which has been shown by the analysis of the modelling work in Sec. 4.2.3. 
The wall fires in a corner spread most rapidly while the fires between two parallel 
walls spread most slowly. This observation was made according to three tests of the 
experiments. The flame spread rate can be analysed by the heat flux and flame height 
correlations (against Q) associated with these geometries. Fig. 5.10 combines the 
heat flux data of PMMA wall fires on flat surfaces (with and without sidewall), in a 
corner and with the influence of a parallel wall, showing the difference of the heat 
fluxes ahead of the burning zone associated with these geometries. Fig. 5.5 has 
already shown that the flames (as a function of the pyrolysis height) associated with 
the corner/wall fires are the tallest while with a flat surface being the shortest. Table 
5.4 lists the sequences of the flame height correlation (as a function of the pyrolysis 
height), heat flux distribution and flame spread rate measured. 
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Fig.5.9. The upward flame spread rates of the PMMA wall fires on a flat 
surface, in a corner and between two walls. 
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Fig. 5.10 - The comparison of the heat flux distributions (Region II only) of 
PMMA wall fires on flat surfaces (with and without sidewalls), in a corner and 
with the influence of a parallel wall. 
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Table 5.4 - The sequences of the flame height correlation (as a function of the 
pyrolysis height), heat flux distribution and flame spread rate measured. 
Flame height 
flame heat flux flame spread 
correlation (as a 
distribution rate measured 
function of X) 
On a flat surface 
4 5 2 
(with sidewalls: no floor) 
On a flat surface 
5 4 3 
(without sidewalls: no floor) 
In a corner 
1 3 
(with floor) 
Parallel case a=infinite 
3 2 5 
(with floor) 
Parallel case a=5 cm 
2 1 4 
(with floor) 
The sequence of measured flame spread rate (Fig. 5.9) associated with these 
geometries could not be explained directly by the sequences of flame height 
correlation and heat flux distribution. Most surprisingly, the flame spread rates of 
wall fires under the influence of a parallel wall were lower than those on flat surface. 
The flames under the influence of a parallel wall were taller and the heat fluxes were 
higher. More research is needed to understand the geometry effect in details. The 
experiment of wall fires without a floor with a parallel inert wall nearby is 
recommended to compare the data in this study. 
In addition, the information of th", for estimating Xf as a function of Q, is lacking. 
As discussed in Sec.5.3.3, the sequence of flame height correlation as a function of X,, 
may be changed if the flame height expressed as a function of Q' after th' is taken 
into account. It may be reasonable to infer that the value of ni', influenced by the 
geometries, plays an important role. Thus, the measurement of ni' is recommended. 
Further research is needed to understand how th" is affected by geometry. 
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5.6 Modelling Work 
5.6.1 Modelling Work of Upward Flame Spread on Vertical Flat Surfaces 
In Chapter 4, the modelling work of wall fires on flat surfaces has been discussed and 
the following conclusions have been made associated with Grant and Drysdale's 
model (1995): 
The flame height correlation can influence the modelling results very 
significantly. 
The irradiance applied in the Cone Calorimeter, which simulates the heat 
transfer to the unburned region, also has great influences on the prediction. In 
addition, a lower value of the representative heat flux was suggested to be 
between 15 to 20 kW/m 2 rather than a value between 25 to 30 kW/m 2 as used 
by others. 
The RHR data obtained with the non-standard test procedure are more relevant 
to the real heat transfer behaviour in the preheating region (Fig.2.3). 
5.6.1.1 Further Discussion 
Flame Height Correlation 
It has been demonstrated that the flame height correlation is affected by the geometry 
(lower edge configuration, width of the burning area, etc.), and two distinct regions 
were found for Q' > c.20 kW/m and Q' <c. 20 kW/m. More accurate prediction is 
expected using the flame height correlations for specific geometric configurations and 
regions for Q greater or less than c. 20 kW/m. 
Heat Flux Distribution 
In the modelling work, the conical heater in the Cone Calorimeter was used to 
simulate the heat transfer ahead of the pyrolysis front to the unburned surface. The 
irradiance is fixed implying an assumption of constant heat flux in this preheating 
175 
region and zero elsewhere. In fact, the heat flux is not constant and the heat transfer 
from the buoyant plume is ignored, being less than 10 kW/m 2 (Sec.3.4.2.2). 
However, it is convenient to apply a constant irradiance for the benefit of using the 
Cone Calorimeter. 
Other Fuels 
In this study, only PMMA was used. Other materials like wood should be tested 
against the model prediction (with the non-standard Cone Calorimeter test procedure). 
Scale 
In this study, the width of the PMMA sample was 7-8 cm. Good agreement was 
shown against the model prediction using data from 10 cm square samples in the 
Cone Calorimeter adopting the non-standard Cone Calorimeter test procedure and a 
lower irradiance of 15 kW/m 2 . However, Anderson et al. (1996) used the Grant and 
Drysdale's model (1995) (with standard Cone Calorimeter test procedure) and 
adopted a higher irradiance of 35 kW/m 2 . A good agreement was shown in their flame 
spread rate tests of hardboard, plywood and wall paper covered wood surfaces. A 
question may arise: why the standard test procedure and the higher irradiance did not 
make an overestimation of the flame spread rate. The standard test procedure and 
another higher irradiance of 25 kW/m2 were applied by Kokkala et al. (1997). Their 
prediction of the RHR was consistent with the experimental data. The same question 
may arise. 
Table 5.5 lists the conditions of these models (in this study, Anderson et al. 1996 and 
Kokkala et a!, 1997) and materials they tested. The experiments of the flame spread 
rate were actually carried out with very different materials and test conditions. In the 
present work, PMMA was used, while wood products were used in the studies of 
Anderson etal. (1996) and Kokkala etal. (1997). Wood products chars during flame 
spread process. In addition, the width of the sample for flame spread rate experiments 
was also very different to be was from 7 to 120 cm. The wider flames are expected to 
be thicker, producing higher heat fluxes to the unburned surface and resulting in a 
higher flame spread rate. The models of Anderson et a! (1996) and Kokkala et al. 
(1997) did not overestimate the flame spread rate may be because for wider flames, a 
higher irradiance is reasonable. However, the non-standard test procedure is still 
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more relevant to the real heat transfer behaviour in the preheating region. Further 
analysis of the width effect is needed. 
In addition, as the wall is wider, in addition to the modification of the flame height 
correlation and heat flux representation, the adoption of the 10 cm square sample in 
the Cone Calorimeter may not be proper. Further research is needed to examine this 
hypothesis. 
Table 5.5 - The conditions of three upward flame spread models 
burning slab used for flame spread rate 
Cone 
Modelling irradiance experiments 
Calorimeter 
work (kW/M2) width height thickness test material 
(cm) (cm) (mm) 
This study 15 Non-standard 7-8 100 6 PMMA 
Anderson et Wood 
35 standard 60 120 4 
al. (1996) products 
Kokkala et Wood 
25 standard 120 240 9-11 
al. (1997) products 
5.6.2 The Modelling Work of the Corner/Wall Fires 
Grant and Drysdale's model (1995) was reviewed as to whether or not it can be used 
to predict the flame spread rate of a corner/wall fire. The assumptions involved have 
to be examined. A representative value of the heat flux to the unburned surface can 
be estimated according to the heat flux measurement (Sec.3.6.2). However, the flame 
height correlation for corner/wall fires has been shown to be not in the form of 
Equation 2.9 which correlates the flame height against the RHR per unit width but in 
the form of Equation 5.6 (Sec.5.3.3) 
X 1 = K, 010 .6  x' 	 (5.6) 
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where K2 is a constant. 
Thus, Grant and Drysdale's model could not work for this scenario because the flame 
height in its present form is not only dependent on the heat release rate per unit width 
but also on the pyrolysis height X,,. 
5.6.3 The Modelling Work of the Wall Fires between Two Parallel Walls 
The flame spread rate of a wall fire with the influence of a parallel inert wall could be 
predicted by Grant and Drysdale's model (1995) with the non-standard Cone 
Calorimeter test procedure. However, no flame height correlation was carried out in 
this study in the form of Equation 2.9. It is recommended for further research. 
5.6.4 Proposals for the Modelling Work of Wall Fires under External Radiation 
In fact, Equation 2.31 and 2.33 (the flame spread rate expressed as integral equations 
of the Volterra type) are the common forms for the upward flame spread modelling. 
By choosing proper values of ii and K, and inputting the transient rate of heat release 
which can imitate the real scenario, other types of upward flame spread should be able 
to be simulated. In Chapter 4, the modelling work for upward flame spread on flat 
surfaces was discussed. The values of n and K are chosen to be 2/3 and 0.066, and the 
transient rate of heat release was measured by the Cone Calorimeter with the non-
standard test procedure. 
Upward flame spread on flat surfaces with external radiation is a scenario which can 
lead to more severe fire hazard. It may be simulated by adopting another non-
standard Cone Calorimeter test procedure. After examining the assumptions for the 
modelling work discussed in Chapter 2 and 4, one of them should be highlighted that 
the heat flux only occurs in the region (X1 -X). Thus, if the effect from the external 
radiation above the flame front is too small to be considered, for example below 10 
kW/m2 , the following method could work. 
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Fig.5. II presents an upward flame spread with external radiation. Before the surface 
is ignited, the unburned region (X1 -Xe) is exposed to both the flame and the external 
radiation. Consequently, the heater should simulate both the two heating effects. 
After ignition, the flame is established. The heater should only simulate the external 
radiation. Therefore, a second non-standard Cone Calorimeter procedure is derived. 
Before ignition, the irradiance of the cone heater acts as the sum of the heat flux from 
the flame and the external radiation, while after ignition, the cone heater only 
simulates the external radiation. 
Practically, it is difficult to set up different irradiances of the cone heater for two 
periods of time in a standard Cone Calorimeter. A new design would be required. 
Three proposals are provided here. First, an additional cone heater is involved to play 
the role of the flame, and the original one is used to simulate the heat released by the 
external radiation (see Fig.5.11). Before the sample ignites, two heaters release heat 
together. After ignition, the cone heater simulating the flame is removed. The rate of 
flame spread on flat surfaces with external radiation could be predicted by Grant and 
Drysdale's model (1995) with the transient rate of heat release measured in this way 
as input. 
The second proposal requires a cone heater which can be moved away from the 
surface (Fig.5.12). Before ignition, the heater is located where the heater can release 
heat fluxes which is the sum of from the flame and the external radiation. After 
ignition, the heater is moved away from the surface to a location where the heater can 
releases heat fluxes only simulating the external radiation. There is no doubt that the 
locations of the heater have to be deduced so that the sample can receive defined heat 
fluxes which are expected. The rate of flame spread can subsequently be predicted by 
Grant and Drysdale's model (1995) applying RHR data from the Cone Calorimeter 
using this non-standard test procedure. 
The third proposal needs data from two Cone Calorimeter tests. One test (Test A) 
measures time to ignition ti,, under the irradiance acting as the sum of the external 
radiation and the flame. The other (Test B) measures RHR under the irradiance only 
acting the external radiation. The "modified RHR", combining these two data from 
Test A and B. would not be exactly the same as that in the first and second proposals 
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because the heating times before ignition in Test A and B are different. The 
temperature profile inside the sample is different. However, the data produced in this 
way might be a reasonable approximation. 
These three methods have to be examined by experiments. 
Fig.5.1 1 - The schematic of the roles of heat feedback from the flame and the cone 
heater in the modelling work of the wall tires under external radiation. 
4- 	:heat from the flame 	4.. 	:heat from the external radiation 
External 
radiation 





(a) the unburned region before ignition 
	
(b) the unburned region after ignition 
I .11 
(a') the sample before ignition 	 (b') the sample after ignition 
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Fig. 5.12 - The schematic diagram of the second proposal for the modelling work 





Conclusions and Recommendations for Future Work 
6.1 Introduction 
Upward flame spread on vertical flat surfaces, in a corner and with the influence of a 
parallel inert wall have been studied by carrying out experiments and modelling work. 
The details of these experiments were shown in Chapter 3, of the modelling work 
were demonstrated in Chapter 4 and an overall discussion was presented in Chapter 5. 
This chapter will highlight the conclusions obtained in this study and provide 
recommendations for future work. 
6.2 Flame Height 
The flame height and heat flux from the flame to unburned surfaces are the two 
important parameters determining the spread rate of the flame. All the experimental 
data have been analysed to see whether or not there exists a similarity among the 
flame height correlations and heat flux distributions of wall fires on vertical flat 
surfaces, in a corner and with the influence of a parallel inert wall. The conclusions 
are as follows: 
1. All the flame height correlations except in a corner conform to the form (Equation 
2.9): 
X 1 = KQ" 
	
(2.9) 
where X1 is the flame height, Q' is the heat release rate per unit width and 11 and 
K are constants. However, the values of K and n are affected by the geometric 
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configuration and the range of values of Q'. 
In addition, for the wall fire in a corner 
X 1 = K 2 Q" x; 	 (5.6) 
where Xi,, is the height of pyrolysis zone. 
The lower edge configuration of a wall fire changes the air entrainment pattern, 
which influences the formation of boundary layers and then the flame height (at 
least for PMMA fires on flat surfaces with height <30 cm) (Sec. 3.3.1). 
The presence of sidewalls slightly increases the flame height as sidewalls help 
maintain one-dimensional air entrainment along the vertical burning surface (at 
least for PMMA fires on flat surfaces with height <50 cm) (Sec. 3.4.2.3). 
The fires from wider burning areas produce higher flames (at least for propane 
fires produced on flat surfaces with Q <200 kW/m) (Sec. 3.5.2). 
The influence of a parallel wall on the flame height correlation is not very strong 
(at least for wall fires with pyrolysis height shorter than I m) (Sec. 3.7.2). 
The presence of a floor increases the height of a flame (at least for wall fires with 
pyrolysis height shorter than 1 m) (Sec. 5.3.3). 
While the flame height correlations expressed against the pyrolysis height X,, the 
wall fires in a corner produced the tallest flames (at least for wall fires with 
pyrolysis height shorter than I m) of the geometries studied (wall fires on a flat 
surfaces, in a corner and with the influence of a parallel wall) (Sec. 5.3.3). 
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6.3 Heat Flux 
For the heat flux distribution, (at least for wall fires on up to 1 in high and 20 cm wide 
samples) 
I. The heat flux distributions for wall fires on flat surfaces, in a corner and with the 
influence of a parallel inert wall are similar when plotted against X/X, (Sec. 
3.4.2.3, 3.5.2, 3.6.2 and 3.7.2). 
There exist three regions as demonstrated in Fig. 5.6. 
The levels of 	(Region I in Fig. 5.6) are between 25 to 35 kW/m 2 for wall fires 
on flat surfaces, in a corner and with the influence of a parallel inert wall (Sec. 
2.4.4, 3.4.2.3, 3.5.2, 3.6.2 and 3.7.2). Values of approximately 25 kW/m 2 were 
observed in the studies of Hasemi (1985) and Quintiere et al. (1986) using water-
cooled isothermal board and copper plate. The water-cooled isothermal board and 
copper plate absorbed some heat which would otherwise have been carried 
upwards. 
The results appear to be independent of the nature of the fuel (at least for PMMA 
and propane) (Sec. 3.4.2.3, 3.5.2, 3.6.2 and 3.7.2). 
There are slight effects of the presence of sidewalls and the width of the burning 
area. The presence of sidewalls decreases the heat flux (about 15%) (Sec. 
3.4.2.3). 
6.4 The Modelling Work 
In Chapter 4, the modelling work of wall fires on flat surfaces has been discussed and 
the following conclusions have been made associated with Grant and Drysdale's 
model (1995): 
184 
The flame height correlation can influence the modelling results very significantly 
(Sec. 4.2.1). 
The irradiance applied in the Cone Calorimeter, which simulates the heat transfer 
to the unburned region, also has a great influence on the prediction of the flame 
spread rate (Sec.4.2.2). In addition, a lower value of the representative heat flux 
was suggested to be between 15 to 20 kW/m 2 rather than the commonly accepted 
value between 25 to 30 kW/m 2 (Sec. 3.4.2.3). 
The RHR data obtained with the non-standard test procedure which reduces the 
applied heat flux to almost zero after ignition is more relevant to the real heat 
transfer behaviour in the preheating region (Sec. 4.2.2.2). 
6.5 Recommendations for Future Work 
In this study, the height of a flame was determined by eye. An objective 
methodology would produce more reliable flame height correlations. 
It is obvious that the height of a flame is influenced by the geometric 
configuration which affects the flow characteristics, the accessibility of air, the 
heat transfer behaviour, etc. These factors can interact with one another and affect 
the burning rate (or mass loss rate th'), the completeness of combustion X and the 
structure of the flame. More research is needed to understand how these 
mechanisms interact. 
It has been seen that there exist effects of the width of a burning surface, the 
geometric configuration, etc. on the heat flux distribution from the flame to the 
unburned surface. The heat fluxes measured in this study were the total heat flux. 
It would be better to analyse the geometry effect on the convective and radiative 
heat fluxes separately. The results may help predict the heat transfer behaviour as 
the geometry changes. 
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The sequence of measured flame spread rate (Fig. 5.9) associated with all the 
geometries could not be explained directly by the consequences of flame height 
correlation and heat flux distribution. More research is needed to understand the 
geometry effect in details. In addition, the information of Jh, for estimating X 1 as 
a function of Q', is lacking. It may be reasonable to infer that the value of th, 
influenced by the geometries, plays an important role. Thus, the measurement of 
iii' is recommended. Further research is needed to understand how in'" affected 
by geometry. 
It has been demonstrated that the flame height correlation is affected by the 
geometry (lower edge configuration, width of the burning area, etc.), and two 
distinct regions were found for Q > c.20 kW/rn and Q' < c. 20 kW/m. More 
accurate prediction is expected using the flame height correlations for specific 
geometric configurations and regions for Q greater or less than c. 20 kW/m. 
In this study, only PMMA was used. Other materials like wood should be tested 
against the model prediction (with the non-standard Cone Calorimeter test 
procedure). 
As discussed in 5.6.1.1, good agreement has been shown between modelling 
prediction and experimental data in this work, studies of Anderson et al. (1996) 
and Kokkala etal. (1997) although the conditions of these models, materials they 
tested and the geometry of the sample for flame spread rate experiments were very 
different (see Table 5.5). The present work applied a lower irradiance for the 
Cone Calorimeter tests and a non-standard Cone Calorimeter test procedure. A 
question may arise: why the standard test procedure and the higher irradiance did 
not make an overestimation of the flame spread rate in the studies of Anderson et 
al. (1996) and Kokkala etal. (1997). A reason possibly lies in the difference of 
materials tested. In the present work, PMMA was used, while wood produces 
were used in the studies of Anderson et al. (1996) and Kokkala et al. (1997). 
Wood produces chars during flame spread process. Another possible reason is the 
width of the sample for flame spread rate experiments. The width of the burning 
slabs was 7 cm in this work, 60 cm in the study of Anderson et al. (1996) and 120 
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cm in the study of Kokkala et al. (1997). The wider flames are expected to be 
thicker, producing higher heat fluxes to the unburned surface and resulting in a 
higher flame spread rate. A higher irradiance may be reasonable. However, the 
non-standard test procedure is still more relevant to the real heat transfer 
behaviour in the preheating region. Further analysis of the width effect is needed. 
As the wall is wider, in addition to the modification of the flame height correlation 
and heat flux representation, the adoption of the 10 cm square sample in the Cone 
Calorimeter may not be proper. Further research is needed to examine this 
hypothesis. 
The flame spread rate of a wall fire with the influence of a parallel inert wall could 
be predicted by Grant and Drysdale's model (1995) with the non-standard Cone 
Calorimeter test procedure. However, no flame height correlation was carried out 
in this study in the form of Equation 2.9. It is recommended for further research. 
Three proposals for the modelling work of wall fires under external radiation have 
been provided in Sec.5.6.3. The modelling prediction applying these three non-
standard Cone Calorimeter test procedures are recommended to compare with 
experimental measurement. 
6.6 Summary 
Upward flame spread on vertical surfaces can lead directly to flashover (Hasemi, 
1999). In order to prevent the occurrence of hazardous wall fires, there is a need to 
select materials which satisfy performance-based regulations. This approach needs 
information from reliable fire models which simulate accurately the fire behaviour of 
materials in their end-use configuration. 
This study focuses on the early stages of the upward flame spread. An existing model 
which uses data directly from the Cone Calorimeter test was examined. A non-
standard test procedure was developed which gives results capable of giving better 
predictions from the model. The flame height and heat feedback to the unburned 
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wall were also examined and more information obtained. It was found that the 
geometry associated with a wall fire affect the flame height and heat transfer. 
However, further research is still needed to understand the geometry effect. 
With the modifications according to the geometry, the model was found to give good 
agreement with experimental measurements of vertical spread on sheets of PMMA. 
Two additional cases were studied: wall fires influenced by an inert parallel wall and 
by the proximity of a corner (with a floor). The measurement of flame height and 
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Appendix A 
Experimental Data 
A-i Measurements of Flame Heights and Corresponding RHR per unit width on Steady 
Burning PMMA Samples 
A-2 Measurements of Pyrolysis Heights, Flame Heights and Heat Fluxes Carried out on 
Spreading PMMA Fires 
A-3 Measurements of Flame Heights and Heat Fluxes to the Unburned Surfaces in Gas 
Panel Tests 
A-4 Measurements of Flame Heights and Heat Fluxes to the Unburned Surfaces on 
PMMA Wall Fires in a Corner 
A-5 Measurements of Flame Heights, Heat Fluxes to the Unburned Surfaces and Heat 
Fluxes to the Opposing Wall on PMMA Wall Fires with the influence of a Parallel Inert 
Wall 
A-i - Measurements of flame heights and corresponding RHR per unit width on 
steady burning PMMA samples 
Case A 









0.025 0.08 0.3424 4.28 6 0.075 
0.025 0.08 0.3832 4.79 6 0.09 
0.025 0.08 0.376 4.7 6 0.09 
0.05 0.04 0.3 7.5 6 0.13 
0.05 0.04 0.2808 7.02 6 0.125 
0.05 0.08 0.6976 8.72 6 0.17 
0.05 0.08 0.6376 7.97 6 0.15 
0.05 0.08 0.676 8.45 6 0.16 
0.05 0.08 0.5496 6.87 6 0.14 
0.05 0.08 0.6688 8.36 6 0.17 
0.05 0.08 0.684 8.55 6 0.175 
0.05 0.08 0.5672 7.09 6 0.145 
0.05 0.085 0.7956 9.36 6 0.185 
0.05 0.135 1.1664 8.64 6 0.14 
0.05 0.135 1.39185 10.31 6 0.18 
0.05 0.14 1.526 10.9 6 0.19 
0.075 0.04 0.3832 9.58 6 0.175 
0.075 0.04 0.388 9.7 6 0.18 
0.075 0.08 0.9688 12.11 6 0.245 
0.075 0.08 1.0224 12.78 6 0.255 
0.075 0.08 1.0048 12.56 6 0.245 
0.1 0.04 0.4424 11.06 6 0.19 
0.1 0.04 0.472 11.8 6 0.195 
0.1 0.08 1.4152 17.69 6 0.31 
0.1 0.08 1.3136 16.42 6 0.325 
0.1 0.08 1.38 17.25 6 0.33 
0.1 0.08 1.3984 17.48 6 0.31 
0.1 0.08 1.4608 18.26 6 0.335 
0.1 0.08 1.2648 15.81 6 0.305 
0.1 0.08 1.1416 14.27 6 0.29 
0.1 0.08 1.4736 18.42 6 0.32 
0.1 0.08 1.3432 16.79 6 0.31 
0.1 0.08 1.48 18.5 6 0.325 
0.1 0.08 1.3792 17.24 6 0.3 
0.1 0.08 1.2224 15.28 6 0.32 
0.1 0.08 1.4376 17.97 6 0.325 
0.1 0.08 1.3112 16.39 6 0.3 
0.1 0.08 1 	1.3992 17.49 6 0.31 
0.1 0.08 1 1.452 18.15 6 0.325 
0.1 0.08 1.5496 19.37 6 0.335 
0.1 0.08 1.1824 14.78 6 0.28 
0.1 0.08 1.4328 17.91 6 0.32 
0.1 0.14 2.5732 18.38 6 0.335 
0.1 0.14 2.5998 18.57 6 0.35 
0.15 0.08 1.1528 14.41 6 0.38 
0.15 0.12 1.8996 15.83 6 0.39 
0.2 0.04 0.7912 19.78 6 0.34 
0.2 0.08 1.44 18 6 0.4 
0.2 0.08 1.5352 19.19 6 0.45 
0.2 0.12 2.16 18 6 0.49 
0.2 0.12 2.3256 19.38 6 0.51 
0.25 0.04 0.9488 23.72 6 0.42 
0.25 0.04 1.1164 27.91 6 0.45 
0.25 0.04 1.2 30 6 0.44 
0.25 0.04 1.508 37.7 6 0.5 
0.25 0.08 1.6 20 6 0.51 
0.05 0.08 0.716 8.95 12.5 0.165 
0.05 0.08 0.7072 8.84 12.5 0.165 
0.15 0.08 1.1704 14.63 12.5 0.35 
0.15 0.08 1.128 14.1 12.5 0.33 
0.25 0.08 1.6 20 12.5 0.48 
0.25 0.08 1.7272 21.59 12.5 0.48 
0.05 0.08 0.716 8.95 25 0.165 
0.05 0.08 0.708 8.85 25 0.165 
0.15 0.08 1.0968 13.71 25 0.33 
0.25 0.08 1.8656 23.32 25 0.5 
Case B 









0.025 0.08 0.4456 5.57 6 0.1 
0.025 0.08 0.512 6.4 6 0.12 
0.025 0.08 0.408 5.1 6 0.09 
0.025 0.08 0.4904 6.13 6 0.123 
0.025 0.08 0.4696 5.87 6 0.11 
0.05 0.04 0.3424 8.56 6 0.14 
0.05 0.04 0.3444 8.61 6 0.14 
0.05 0.08 0.6032 7.54 6 0.145 
0.05 0.08 0.8328 10.41 6 0.195 
0.05 0.08 0.612 7.65 6 0.145 
0.05 0.08 0.8032 10.04 6 0.185 
0.05 0.08 0.6472 8.09 6 0.15 
0.05 0.08 0.8352 10.44 6 0.19 
0.075 0.04 0.5632 14.08 6 0.205 
0.075 0.04 0.4124 10.31 6 0.18 
0.075 0.08 1.0448 13.06 6 0.25 
0.075 0.08 1.0936 13.67 6 0.25 
0.075 0.08 0.768 9.6 6 0.165 
0.075 0.08 1.0984 13.73 6 0.255 
0.1 0.04 0.54 13.5 6 0.215 
0.1 0.04 0.48 12 6 0.2 
0.1 0.08 1.5832 19.79 6 0.31 
0.1 0.08 1.4328 17.91 6 0.31 
0.1 0.08 1.4488 18.11 6 0.32 
0.1 0.08 1.556 19.45 6 0.34 
0.1 0.08 1.5 18.75 6 0.32 
0.1 0.08 1.692 21.15 6 0.35 
0.1 0.08 1.7776 22.22 6 0.36 
0.1 0.08 1.54 19.25 6 0.33 
0.25 0.04 0.8 20 6 0.38 
0.25 0.08 1.9936 24.92 6 0.51 
0.25 0.12 3.3276 27.73 6 0.6 
0.05 0.085 1.08205 12.73 12.5 0.195 
0.05 0.085 0.99705 11.73 12.5 0.19 
0.15 0.08 1.7752 22.19 12.5 0.41 
0.15 0.08 1.3712 17.14 12.5 0.36 
0.25 0.08 2.4 30 12.5 0.5 
0.25 0.08 2.4 30 12.5 0.52 
0.25 0.08 2 25 12.5 0.48 
0.25 0.08 2.4 30 12.5 0.55 
0.15 0.08 1.2008 15.01 25 0.34 
0.25 0.08 1.9832 24.79 25 0.46 
202 
Case C 









0.05 0.08 0.656 8.2 6 0.165 
0.05 0.08 0.5672 7.09 6 0.16 
0.05 0.08 0.5952 7.44 6 0.165 
0.1 0.08 0.9272 11 .59 6 0.24 
0.1 0.08 0.8256 10.32 6 0.23 
0.1 0.08 0.8864 11.08 6 0.235 
0.15 1 	0.08 1.1608 14.51 6 0.32 
0.15 0.08 1.2744 15.93 6 0.35 
0.15 0.08 1.0824 13.53 6 0.31 
0.2 0.08 1.3784 17.23 6 0.385 
0.2 0.08 1.3808 17.26 6 0.39 
0.2 0.08 1.4176 17.72 6 0.39 
0.25 0.08 1.7592 21.99 6 0.44 
0.25 0.08 1.7392 21.74 6 0.45 
0.25 0.08 1.6464 20.58 6 1 	0.43 
Case D 









0.025 0.08 0.3328 4.16 6 0.075 
0.025 0.08 0.3656 4.57 6 0.07 
0.025 0.08 0.3992 4.99 6 0.075 
0.05 0.04 0.33 8.25 6 0.14 
0.05 0.04 0.3472 8,68 6 0.145 
0.075 0.04 0.4084 10.21 6 0.18 
0.075 0.04 0.3964 9.91 6 0.17 
0.1 0.08 0.9936 12.42 6 0.23 
0.1 	0.08 1.2208 15.26 6 0.25 
0.1 0.08 1.0936 13.67 6 0.25 
0.15 0.08 1.25 15.62 6 0.36 
0.15 0.08 1.26 15.75 6 0.35 
0.15 0.08 1.208 15.1 6 0.375 
0.15 0.12 1.9692 16.41 6 0.43 
0.2 0.04 0.6504 16.26 6 0.33 
0.2 0.08 1.4504 18.13 6 0.41 
0.2 0.12 2.3952 19.96 6 0.53 
0.2 0.08 1.5 18.85 6 0.41 
0.2 0.08 1.539 19.35 6 0.42 
0.25 0.08 1.702 21.28 6 0.45 
0.25 0.08 1.7856 22.32 6 0.475 
0.15 0.08 1.1352 14.19 12.5 0.33 
0.15 0.08 1.0528 13.16 12.5 0.33 
0.05 0.085 0.782 9.2 25 0.17 
0.05 0.085 0.7956 9.36 25 0.175 
0.15 0.08 1.3024 16.28 25 0.34 
101, 
A-2 - Measurements of Pyrolysis Heights, Flame Heights and Heat Fluxes Carried 
out on Spreading PMMA Fires 
















2 (kW/m)  
HF/HF0 
10 19 0.53 30 5.33 7.5 0.13 1.76 0.055 
20 1 	24 2.00 40 4 1 	7 0.12 1.5 0.046875 
30 30.5 1.54 50 3.2 6.5 0.11 1.17 0.036563 
40 42 0.87 75 2.13 3.428 0.085 2.96 0.0925 
50 54.5 0.80 100 1.6 2.2 0.06 3.67 0.114688 
60 64.5 1.00 120 1.33 1.666 0.04 6.15 0.192188 
70 1 	77.5 0.77 150 1.06 1.125 0.01 7.65 0.239063 
80 89.5 0.83 170 0.94 0.888 -0.01 10.6 0.33125 
90 96.5 1.43 190 0.84 0.7 -0.03 13 0.40625 
100 110.5 0.71 1 	200 0.8 0.6 -0.04 16.49 0.515313 
110 123 0.80 204.17 0.78 0.530 -0.044 18 0.5625 
120 130.5 1.33 220.81 0.72 0.396 -0.060 20 0.625 
130 140.5 1.00 237.30 0.67 0.279 -0.077 21 0.65625 
140 1 	154.5 0.71 253.67 0.63 0.175 -0.093 25 0.78125 




















10 19 0.53 35 4.57 6 0.125 2.06 0.064375 
20 24 2.00 40 4 1 	7 0.12 2.6 0.08125 
30 32 1.25 50 3.2 6.5 0.11 3 0.09375 
40 43.5 0.87 60 2.66 6 0.1 4.5 0.140625 
50 54.5 0.91 100 1.6 2.2 0.06 8.2 0.25625 
60 65.5 0.91 120 1.33 1.666 0.04 7.9 0.246875 
70 78 0.80 150 1.06 1.125 0.01 9.3 0.290625 
80 88.5 0.95 175 0.91 0.842 -0.015 17 0.53125 
90 101.5 0.77 190 0.84 0.7 -0.03 16.5 0.515625 
100 113.5 0.83 200 0.8 0.6 -0.04 18.2 0.56875 
110 123.5 1.00 200.0 0.79 0.55 -0.04 21 0.65625 
120 136.5 0.77 215.7 0.74 0.417 -0.05 23 1 	0.71875 
130 150.5 0.71 231.2 0.69 0.29 -0.07 27 0.84375 
140 160.5 1.00 246.7 0.64 0.187 -0.08 27.6 0.8625 
150 172 0.87 261.9 1 	0.61 0.089 -0.10 30.6 0.95625 
rA 
2() 




















10 17 0.59 35 7.428 10 0.225 0.59 0.019032 
20 23 1.67 40 6.5 12 0.22 0.7 0.022581 
30 29 1.67 45 5.777 15.33 0.215 0.88 0.028387 
40 45 0.63 65 4 8.8 0.195 1.7 0.054839 
50 55 1.00 80 3.25 7 0.18 2.06 0.066452 
60 63 1.00 115 2.26 3.636 0.145 2.35 0.075806 
70 73 1.00 125 2.08 3.454 0.135 3.1 0.1 
80 86 0.91 145 1.793 2.769 0.115 3.4 0.109677 
90 97 0.91 160 1.625 2.428 0.1 4.2 0.135484 
100 107 1.00 180 1.444 2 0.08 5.1 0.164516 
110 117 1.00 200 1.3 1.666 0.06 5.75 0.185484 
120 132 0.67 215 1.209 1.473 0.045 6.47 1 	0.20871 
130 141 1.11 230 1.130 1.3 0.03 6.47 0.20871 
140 153 0.83 240 1.083 1.2 0.02 8.5 0.274194 
150 165 0.83 250 1.04 1.1 0.01 8.83 0.284839 
160 179 0.71 280 0.928 0.833 -0.02 11.77 0.379677 
170 191 0.83 290 0.896 0.75 -0.03 11.18 0.360645 
180 201 1.00 300 0.866 0.666 -0.04 13.53 0.436452 
190 211 1.00 307.3 0.845 0.59 -0.04 14.12 0.455484 
200 225 0.71 321.4 0.808 0.494 -0.06 15.3 0.493548 
210 233 1.00 335.3 0.775 0.398 -0.075 16.3 0.525806 
220 247 0.83 349.8 0.744 0.309 -0.089 20 0.645161 
230 260 0.77 362.9 0.716 0.225 -0.102 21.2 0.683871 
240 266 1.67 376.6 0.690 0.146 -0.11 22.5 0.725806 



















 (kW/m2 ) 
HF/HF0 
10 16 0,63 35 7.428 10 0.225 0.75 0.024194 
20 19 3.33 40 6.5 12 0.22 0.88 0.028387 
30 22 3.33 45 5.777 15.33 0.215 0.88 0.028387 
40 39 0.59 70 3.714 7.333 0.19 1.47 0.047419 
50 49 1.00 100 2.6 4.2 0.16 2.06 0.066452 
60 02 0.77 120 2.166 3.333 0.14 2.7 0.087097 
70 72 1.00 140 1 	1.857 2.714 0.12 3.35 0.108065 
80 :I 1.11 160 1.625 2.25 0.1 3.82 0.123226 
90 8 1.43 170 1.529 2.12 0.09 3.5 0.112903 
100 98 1.00 190 1.368 1.777 0.07 3.21 0.103548 
110 110 0.83 210 1.238 1.5 0.05 5.89 0.19 
120 122 0.83 230 1.130 1.272 0.03 6.47 0.20871 
30 137 0.67 250 1.04 1.083 0.01 7.4 0.23871 
40 149 0.83 270 0.966 0.923 -0.01 9.4 0.303226 
50 163 0.71 290 0.896 0.785 -0.03 9.8 0.316129 
160 171 1.25 300 0.866 0.714 -0.04 10.6 0.341935 
170 H5 0.71 304.3 0.854 0.669 -0.044 12 0.387097 
80 195 1.00 320.3 0.811 0.570 -0.060 13 0.419355 
90 204 1.11 336.2 0.773 0.478 -0.076 16 0.5 16129 
00 214 1.00 352.0 0.738 0.394 -0.092 18.5 0.596774 
210 223 1,11 367.7 0.707 0.317 -0.107 21 0.677419 
220 237 0.71 383.3 0.678 0.244 -0.123 24.5 0.790323 
230 248 0.91 398.9 0.651 0.177 -0.138 25.2 0.812903 
240 258 1.00 414.4 0.627 0.11 -0.154 28 0.903226 





















10 16 0.63 30 8.666 12.5 0.23 0.4 0.012903 
20 23 3.33 40 6.5 12 0.22 0.65 0.020968 
30 29 3.33 50 5.2 11.5 0.21 0.88 0.028387 
40 40 0.59 70 3.714 7.333 0.19 1.17 0.037742 
50 53 1.00 90 2.888 5.25 0.17 1.6 0.051613 
60 66 0.77 120 2.166 3.333 0.14 2.6 0.083871 
70 74 1.00 130 2 3.166 0.13 2.4 0.077419 
80 ,6 1.11 150 1.733 2.571 0.11 3.4 0.109677 
90 95 1.43 160 1.625 2.428 0.1 4 0.129032 
100 105 1.00 170 1.529 2.285 0.09 4.4 0.141935 
110 115 0.83 190 1.321 1.87 0.07 4.7 0.151613 
120 125 0.83 210 1.238 1.555 0.05 5 0.16129 
130 136 0.67 230 1.130 1.3 0.03 6 0.193548 
140 147 0.83 250 1.04 1.090 0.01 7.1 0.229032 
150 160 0.71 270 0.962 0.916 -0.01 8.83 0.284839 
160 170 1.25 290 0.896 0.769 -0.03 10.59 0.341613 
170 N5 0.71 300 0.866 0.692 -0.04 11.5 0.370968 
180 201 1.00 300.53 0.865 0.663 -0.040 1 	14.72 0.474839 
190 211 1.11 315.27 0.8246 0.558 -0.055 15.3 0.493548 
200 226 1.00 329.93 1 	0.7880 0.461 -0.069 18 0.580645 
210 24 1.11 344.51 0.7546 0.371 -0.084 19.2 0.619355 
220 249 0.71 359.00 0.7242 0.287 -0.099 21.787 0.702806 
230 21 0.91 373.43 0,6962 0.209 -0.113 22.37 0.721613 
240 21 1.00 387.78 0.6704 0.135 -0.12 1 	24.72 0.797419 
250 2) 1.00 402.06 0.6466 0.065 -0.142 1 27.07 0.873226 




















10 18 0.56 30 12 17.5 0.33 0.58 0.019333 
20 21 3.33 35 10.28 22.66 0.325 0.59 0.019667 
30 26 2.00 45 8 22 0.315 0.74 0.024667 
40 38 0.83 65 5.538 12.8 0.295 1.16 0.038667 
50 52 0.71 90 4 7.75 0.27 1.47 0.049 
60 64 0.83 110 3.272 6 0.25 1.47 0.049 
70 74 1.00 130 2.769 4.833 0.23 1.47 0.049 
80 S3 1.11 1 	150 2.4 4 0.21 1.7 0.056667 
90 )5 0.83 160 2.25 3.857 0.2 2 0.066667 
100 i09 0.71 180 2 3.25 0.18 2.06 0.068667 
110 1l7 1.25 190 1.894 3.125 0.17 2.2 0.073333 
120 129 0.83 205 1.756 2.823 0.155 3.23 0.107667 
130 139 1.00 220 1.636 2.555 0.14 2.94 0.098 
140 150 0.91 240 1.5 2.2 0.12 2.94 0.098 
150 162 0.83 250 1.44 2.1 0.11 3.65 0.121667 
160 173 0.91 260 1.384 2 0.1 4.1 0.136667 
170 18 0.67 290 1.241 1.583 0.07 4.7 0.156667 
180 1200 0.83 310 1.161 1.384 0.05 4.7 0.156667 
190 2l2 0.83 320 1.125 1.307 0.04 6 0.2 
200 226 0.71 340 1.058 1.142 0.02 6.8 1 	0.226667 
210 240 0.71 350 1.028 1.071 0.01 7.65 0.255 
220 249 1.11 370 0.972 0.933 -0.01 8.83 0.294333 
230 260 0.91 380 0.947 0.866 -0.02 9.4 0.313333 
240 273 0.77 400 0.9 0.75 -0.04 10.4 0.346667 
250  1.25 1 	405.1 0.888 0.708 -0.04 1 	11.2 0.373333 
260 3 0.83 419.9 0.857 0.625 -0.05 12.5 0.416667 
270 .07 0.71 434.6 0.828 0.546 -0.07 14.6 0.486667 
280 )15 1.25 449.3 0.801 0.472 -0.08 16.4 0.546667 
290 :24 1.11 463.9 0.775 0.402 -0.10 18.6 0.62 
300 234 1.00 478.5 0.752 0.33 -0.11 18.8 0.626667 
310 344 1.00 493.0 0.730 0.27 -0.13 1 	20 0.666667 
320 3S6 0.83 507.5 0.709 0.213 -0.14 23 0.766667 
330 266 1.00 522.0 0.689 0.156 -0.16 27 0.9 
340 375 1.11 536.4 0.671 0.101 -0.17 29.2 0.973333 

















10 13 0.77 40 9 11.66 0.32 0.7 0.0233 
20 20 1.43 50 1 7.2 11.33 0.31 0.88 0.0293 
30 22 5.00 50 7.2 16.5 0.31 0.88 0.0293 
40 34 0.83 70 5.142 10.66 0.29 1 0.0333 
50 45 0.91 85 4.235 8.857 0.275 1.32 0.3896 
60 56 0.91 100 3.6 7.5 0.26 1 	1.6 0.0533 
70 () 7 0.91 140 2.571 4.142 0.22 2 0.0666 
80 75 1.25 150 2.4 4 0.21 12 0.0733 
90 0.71 170 1117 3.375 0.19 2.94 0.098 
100 .9 1.00 190 1.894 2.888 0.17 2.94 0.098 
10 109 1.00 1 	200 1.8 2.777 0.16 2.64 0.088 
20 123 0.71 220 1.636 2.4 0.14 1 	3.4 0.1133 
30 136 0.77 235 1.531 2.190 0.125 3.85 0.1283 
140 146 1.00 250 1.44 2 0.11 4.12 0.1373 
150 156 1.00 260 1.384 1.909 0.1 4.3 0.1433 
160 109 0.77 270 1.333 1.818 0.09 4.7 0.1566 
170 l4 0.67 300 1.2 1.461 0.06 4.7 0.1566 
180 10 1.67 310 1.16 1.384 0.05 5.29 0.1763 
190 19 1.11 320 1.125 1.307 0.04 5.89 0.1963 
200 210 0.91 340 1.058 1.142 0.02 5.89 0.1963 
210 222 0.83 350 1.028 1.071 0.01 6.5 0.2166 
220 238 0.63 370 0.972 0.933 -0.01 7.65 0.255 
230 25() 0.83 380 0.947 0.866 -0.02 8.83 0.2943 
240 22 0.83 400 1 	0.9 0.75 -0.04 9.5 0.3166 
250 272 1.00 406.33 0.885 0.703 -0.04 10.3 0.3433 
260 2,N 3 0.91 419.94 0.857 0.625 -0.05 11.5 0.3833 
270 2 1.00 433.47 0.830 0.550 -0.07 12.8 0.4266 
280 303 1.00 446.91 0.805 0.479 -0.08 14.3 0.4766 
290 312 1.11 460.28 0.782 0.411 -0.10 15 0.5 
300 325 0.77 473.58 0.760 0.345 -0.11 18.6 0.62 
310 335 1.00 486.80 0.739 0.282 -0.12 18.8 0.6266 
320 36 0.91 499.96 0.720 0.222 -0.13 20 0.6666 
330 356 1.00 513.05 0.701 0.163 -0.15 23 0.7666 
340 69 0.77 526.0 0.684 0.107 -0.16 28.25 0.9416 



















10 13 0.77 30 12 17.5 0.33 0.294 0.0098 
20 20 1.43 45 8 13.6 0.315 0.294 0.0098 
30 25 2.00 55 6.545 13.2 0.305 0.294 0.0098 
40 4() 0.67 70 5.142 10.66 0.29 0.588 0.0196 
50 54 0.71 95 3.789 6.888 0.265 1 0.0333 
60 62 1.25 120 3 5 0.24 1.2 0.04 
70 7() 1.25 135 2.666 4.461 0.225 1.47 0.049 
80 81 0.91 150 2.4 4 0.21 1.77 0.059 
90 93 0.83 180 2 3 0.18 1.77 0.059 
100 103 1.00 1 	195 1.846 2.736 0.165 2.35 0.0783 
110 114 0.91 210 1.714 2.5 0.15 2.6 0.0866 
120 125 0.91 220 1.636 2.4 0.14 2.94 0.098 
130 139 0.71 235 1.531 2.190 0.125 2.94 0.098 
140 148 1.11 245 1.469 2.095 0.115 3.51 0.117 
150 157 1.11 1 	260 1.384 1.909 0.1 3.53 0.1176 
160 173 0.63 280 1.285 1.666 0.08 3.7 0.1233 
170 1 83 1.00 280 1.285 - 1.727 0.08 4.12 0.1373 
180 194 0.91 300 1.2 1.5 0.06 4.7 0.1566 
190 205 0.91 320 1.125 1.307 0.04 4.7 0.1566 
200 219 0.71 330 1.090 1.230 0.03 5.29 0.1763 
210.13() 0.91 350 1.028 1.071 0.01 5.88 0.196 
220 .144 0.71 365 0.986 0.965 -0.005 5.89 0.1963 
230 	258 0.71 380 0.947 0.866 -0.02 7.6 0.2533 
240 20 7 1.11 400 0.9 0.75 -0.04 8 0.2666 
250 	2i7 1.00 405.26 0.888 0.708 -0.04 8.24 0.2746 
26() 187 1.00 419.24 0.858 0.627 -0.05 9.2 0.3066 
270 .198 0.91 433.15 0.831 0.551 -0.07 11.7 0.39 
280 506 1.25 447.00 0.805 0.479 -0.08 12.1 0.4033 
290 .15 1.11 460.77 0.781 0.409 -0.10 12.9 0.43 
300 529 0.71 474.4 0.758 0.343 -0.11 15.3 0.51 
310  0.91 488.14 0.737 0.280 -0.12 15.89 0.5296 
320 547 1.43 501.73 0.717 0.220 -0.14 19.3 0.6433 
330 555 1.25 515.26 0.698 0.161 -0.15 20.6 0.6866 
340 ;7() 0.67 528.7 0.680 0.105 -0.16 22.94 0.7646 
350 78 1.25 542.17 0.663 0.052 -0.18 25.9 0.8633 
211 



















10 23 0.43 35.00 13.14 18 0.425 0.29 0.01 
20 28 2.00 40.00 11.5 22 0.42 0.29 0.01 
30 35 1.43 50.00 9.2 21.5 0.41 0.45 0.015 
40 51 0.63 80.00 5.75 10.5 0.38 0.88 0.030 
50 62 0.91 100.00 4,6 8.2 0.36 0.88 0.030 
60 72 1.00 125.00 3.68 6.153 0.335 0.95 0.032 
70 87 0.67 140.00 3.285 5.571 0.32 1.17 0.040 
80 96 1.11 160.00 2.875 4.75 0.3 1.17 1 	0.040 
90 102 1.67 175.00 2.628 4.352 0.285 1.25 0.043 
100 114 0.83 190.00 2.421 4 0.27 1.47 0.05 
110 124 1.00 210.00 2.190 3.5 0.25 1.6 0.055 
120 142 0.56 230.00 2 3,090 0.23 1.76 0.06 
130 149 1.43 250.00 1.84 2.75 0.21 1.76 0.060 
140 158 1.11 260.00 1.769 2.666 0.2 2 0.068 
150 168 1.00 270.00 1.703 2.583 0.19 2.33 0.080 
160 180 0.83 290.00 1.586 2.307 0.17 2.35 0.081 
170 12 0.83 300.00 1.533 2.230 0.16 2.4 0.082 
180 203 0.91 1 	310.00 1.483 2.153 0.15 2.7 0.093 
190 215 0.83 330.00 1.393 1.928 0.13 3.25 0.112 
200 229 0.71 340.00 1.352 1.857 0.12 3.53 0.121 
210 .239 1.00 350.00 1.314 1.785 0.11 3.53 0.121 
220 255 0.63 360.00 1.277 1.714 0.1 4.12 - 0.142 
230 26() 2.00 370.00 1 	1.243 1.642 0.09 4.12 0.142 
240 272 0.83 390.00 1.179 1.466 0.07 4.5 0.155 
250 26 0.71 400.00 1.15 1.4 0.06 5.5 0.189 
260 2% 1.00 420.00 1.095 1.25 0.04 5.88 0.202 
270 308 0.83 430.00 1.069 1.18 0.03 6.3 0.217 
280 318 1.00 450.00 1.022 1.058 0.01 1 	7.6 0.262 
290 327 1.11 480.00 0.958 0.894 -0.02 7.65 0.263 
300 336 1.11 490.00 0.938 0.842 -0.03 8 0.275 
310 42 1.67 500.00 0.92 0.789 -0,04 9 0.310 
320 152 1.00 508.53 0.904 0.742 -0.048 10 0.344 
330 161 1.11 	1 522.12 0.881 0.676 -0.062 1 	10 0.344 
340 371 1.00 535.65 0.858 0.613 -0.076 10 0.34 
350 381 1.00 549.12 0.83 0.552 -0.089 12.4 0.427 
360 391 1.00 562.53 0.817 0.493 -0.102 12.9 0.444 
370 400 1.11 575.89 0.798 0.43 -0.11 13.53 0.466 
380 408 1.25 589.20 0.780 0.382 -0.129 14.6 0.503 
390 416 1.25 602.46 0.763 0.329 -0.142 15.5 0.534 
400 426 1.00 615.68 0.747 0.278 -0.155 18.4 0.634 
410 434 1.25 628.84 0.731 0.228 -0.168 20 0.689 
420 .441 1.43 641.96 0.716 0.180 -0.181 21.78 0.751 
212 
430 45 1 1.00 655.03 0.702 0.133 -0.195 24.13 0.832 

















(kW/m 2 ) 
HF/HF0 
10 15 0.67 30 15.33 22.5 0.43 0.29 0.01 
20 19 2.50 40 11.5 22 0.42 0.29 0.01 
30 23 2.50 45 10.22 28.66 0.415 0.4 0.013 
40 38 0.67 70 6.571 14 0.39 0.56 0.01 
50 51 0.77 90 5.111 10.25 0.37 0.58 0.02 
60 61 1.00 110 4.181 8 0.35 0.88 0.030 
70 73 0.83 130 3.538 6.5 0.33 0.9 0.031 
80 83 1.00 150 3.066 1 	5.428 0.31 1.17 0.040 
90 95 0.83 180 2.555 4.111 0.28 1 	1.17 0.040 
100 106 0.91 190 2.421 4 0.27 1.17 0.040 
110 121 0.67 210 2.190 3.5 0.25 1.47 0.050 
120 134 0.77 220 2.090 3.4 0.24 1.47 0.050 
130 145 0.91 240 1.916 3 0.22 1.9 0.065 
140 155 1.00 250 1.84 2.909 0.21 2.06 0.07 
150 168 0.77 260 1.769 2.818 0.2 2.32 0.08 
160 184 0.63 275 1.672 2.608 0.185 2.5 0.086 
170 192 1.25 290 1.586 2.416 0.17 2.66 0.091 
180 205 0.77 300 1.533 2.333 0.16 2.8 0.096 
190 213 1.25 310 1.483 2.25 0.15 2.8 0.096 
200 225 0.83 320 1.437 2.166 0.14 3.1 0.106 
210 239 0.71 340 1.352 1.923 0.12 3.53 0.121 
220 	253 0.71 350 1.314 1.846 0.11 3.7 0.127 
230 265 0.83 360 1.277 1.769 0.1 4.42 0.152 
240 275 1.00 1 	380 1.210 1.571 0.08 4.7 0.162 
250 285 1.00 390 .179 - 1.5 0.07 4.7 0.162 
26() 	299 0.71 410 .121 - 1.333 0.05 5.29 0.182 
270 311 0.83 420 1.095 1.266 0.04 5.3 0.182 
280 1 	323 0.83 430 1.069 1.2 0.03 6.2 0.213 
290 30 1.43 450 1.022 1.062 0.01 6.47 0.223 
300 3S 1.25 470 0.978 0.941 -0.01 6.47 0.223 
310 346 1.25 480 0.958 0.882 -0.02 7.35 0.253 
320 354 1.25 490 0.977 0.82 -0.03 7.9 0.272 
330 367 0.77 500 0.92 0.764 -0.04 8.6 0.296 
340 381 0.71 521.88 0.881 0.659 -0.061 10 0.344 
350 39() 1.11 535.38 0.859 0.593 -0.075 10.59 0.365 
360 397 1.43 1 	548.83 0.838 0.529 -0.088 12.2 0.42 
370 405 1.25 562.24 0.81 0.468 -0.102 13.8 0.475 
380 415 1.00 575.60 0.799 0.408 1 	-0.115 15 0.517 
390 424 1.11 588.92 0.781 0.351 1 -0.128 16 0.551 
400 I 	433 1.1 	I 602.21 0.763 0.296 -0.142 18 0.620 
410 441 1.25 615.45 0.742 0.243369 -0.155 20 0.689 
420 451 1.00 628.65 0.731 0.191706 -0.168 22.36 0.771 
430 I 	459 1.25 641.82 0.716 0.14163 -0.181 22.95 0.791 
440 466 1.43 654.95 1 	0.702 0.093045 -0.194 25.5 1 	0.87 
450 I 	479 0.77 668.05 1 0.688 0.045862 -0.20 28.25 1 0.974 

















10 16 0.63 20.00 23 45 0.44 0.2 0.005 
20 22 1.67 30.00 15.33 44 0.43 0.19 0.0055 
30 28 1.67 40.00 11.5 43 0.42 0.21 0.0061 
40 42 0.71 70.00 6.571 14 0.39 0.23 0.0067 
50 57 0.67 80.00 5.75 13.66 0.38 0.49 0.0144 
60 65 1,25 100.00 4.6 10 0.36 0.78 0.0229 
70 76 0.91 120.00 3.833 7.8 0.34 0.94 0.0276 
80 89 0.77 150.00 3.066 5.42 0.31 1.01 0.0297 
90 99 1.00 170.00 2.705 4.625 0.29 1.1 0.0323 
100 109 1.00 190.00 2.421 4 0.27 1.4 0.0411 
110 125 0.63 200.00 2.3 3.88 0.26 1.77 0.0520 
120 	137 0.83 210.00 2.190 3.77 0.25 2.01 0.0591 
130 149 083 230.00 2 3.3 0.23 2.35 0.0691 
140 1 	158 1.11 250.00 1.84 2.909 0.21 2.56 0.0752 
150 172 0.71 260,00 1.769 2.818 0.20 2.74 0.0805 
160 188 0.63 280.00 1.642 2.5 0.18 2.98 0.0876 
170 198 1,00 310.00 1.483 2.071 0.15 3.23 0.0 
180 	210 0.83 330.00 1.393 1.866 0.13 3.53 0.1038 
190 1 220 1,00 340,00 1.352 1.8 0.12 3.62 0.1064 
200 1 	233 0,77 350.00 1.314 1.733 0.11 3.71 0.1091 
210 246 0.77 360.00 1.277 1.666 0.10 3.78 0.1111 
220 	254 1.25 390.00 1.179 1.411 0.07 4.51 0.1326 
230 267 0,77 410.00 1.121 1.277 0.05 5.28 0.1552 
240 280 0.77 420,00 1.095 1.222 0.04 6.1 0.1794 
250 294 0.71 450.00 1.022 1.05 0.01 7 0.2058 
260 104 1.00 470.00 0.978 0.952 -0.01 7.66 0.2252 
270 310 1.67 480.00 0.958 0.904 -0.02 8.2 0.2411 
280 3 16 1.67 490.00 0.938 0.857 -0,03 9.1 0.2676 
290 325 1.11 514.53 0.89 0.757 -0.05 10 0.2941 
300 335 1.00 532.33 0.864 0.688 -0.07 11.2 0.3294 
310 1 	345 1.00 550.13 0.836 0.624 -0.09 13.6 0.4 
320 354 1,11 567.93 0.809 0.564 -0.11 15.1 0.4441 
330 362 1.25 585.73 0.785 0.508 -0.13 16.48 0.4847 
340 375 0.77 603.53 0.762 0.455 -0.14 17.6 0.5176 
350 1,81 1.67 621.33 0.740 0.4054 -0.16 18.8 0.5529 
360 389 1.25 1 639,13 0.728 0.356 -0.18 20.02 0.5888 370 (03 0.71 -65-6-.9-3-F-0.700 0.313 -0.20 21.5 0.6323 
214 
380 408 2.00 674.73 0.681 0.271 -0.21 23.1 0.6794 
390 410 5.00 692.53 0.664 0.231 -0.23 24.3 0.7147 
400 414 2.50 710.33 0.647 0.193 -0.25 25.1 0.7382 
410 418 2.50 728.13 0.631 0.157 -0.27 27.07 0.7961 
420 424 1.67 745.93 0.61 0.122 -0.29 29.12 0.8564 
430 433 1.11 763.73 0.602 0.089 -0.30 31.2 0.9176 
440 438 2.00 781.53 0.588 0.058 -0.32 33.3 0.9794 
450 450  35.32 1.0388 
460 480  41.21 1.2120 
470 510  41.21 1.2120 
480 540  42.38 1.2464 



















10 10 1.00 20.00 23 45 0.44 0.23 0.007 
20 28 0.56 30.00 15.33 44 0.43 0.23 0.007 
30 46 0.56 50.00 9.2 21.5 0.41 0.56 0.018 
40 49 3.33 70.00 6.571 14 0.39 0.79 0.026 
50 57 1.25 100.00 4.6 8.2 0.36 0.94 0.031 
60 67 1.00 115.00 4 7.27 0.345 1.08 0.036 
70 79 0.83 130.00 3.538 6.5 0.33 1.11 0.037 
80 90 0.91 145.00 3.172 5.846 0.315 1.18 0.039 
90 100 1.00 170.00 2.705 4.62 0.29 1.34 0.044 
100 110 1.00 190.00 2.421 4 0.27 1.57 0.052 
110 122 0.83 210.00 2.190 3.5 0.25 1.77 0.059 
120 1 	134 0.83 230.00 2 3.090 0.23 2.06 0.068 
130 144 1.00 240.00 1.916 3 0.22 2.3 0.076 
140 158 0.71 260.00 1.769 2.666 0.2 2.42 0.080 
150 166 1.25 270.00 1.703 2.583 0.19 2.5 0.083 
160 176 1.00 290.00 1.586 2.307 0.17 2.92 0.097 
170 192 0.63 310.00 1.483 2.071 0.15 3.21 0.107 
180 201 1.11 320.00 1.43 2 0.14 3.5 0.116 
190 215 0.71 340.00 1.352 1.8 0.12 3.6 0.12 
200 227 0.83 360.00 1.277 1.625 0.1 3.69 0.123 
210 237 1.00 390.00 1.179 1.388 0.07 3.77 0.125 
220 253 0.63 410.00 1.121 1.263 0.05 4.2 0.14 
230 260 1.43 440.00 1.045 1.095 0.02 4.7 0.156 
240 268 1.25 460.00 I 1 0 5.3 0.176 
250 284 0.63 470.00 0.978 0.954 -0.01 6.1 0.203 
260 292 1.25 470.00 0.978 0.952 -0.01 6.9 0.23 
270 300 1.25 480.00 0.958 0.9047 -0.02 7.65 0.255 
280 308 1.25 515.83. 0.891 0.7632 -0.055 8.6 0.286 
290 324 0.63 534.23 0.861 0.6960 -0.074 9.6 0.32 
300 332 1.25 552.63 0.832 0.6337 -0.092 10.64 0.354 
310 342 1.00 571.03 0.805 0.574 -0.111 12.1 0.403 
320 351 1.11 589.43 0.780 0.519 -0.129 13.8 0.46 
330 357 1.67 607.83 0.779 0.4679 -0.147 15.3 0.51 
340 369 0.83 626.23 0.734 0.4192 -0.166 16.3 r 	0.543 
350 376 1.43 644.63 0.713 0.373 -0.184 17.3 1 0.576 
215 
360 386 1.00 663.03 0.693 0.33 -0.203 18.3 0.61 
370 392 1.67 681.43 0.675 0.288 -0.221 19.32 0.644 
380 398 1.67 699.83 0.657 0.2501 -0.239 21.4 0.713 
390 404 1.67 718.23 0.640 0.2132 -0.258 23.5 0.783 
400 412 1.25 736.63 0.624 0.1782 -0.276 25.7 0.856 
410 420 1.25 755.03 0.609 0.1449 -0.295 25.9 0.863 
420 426 1.67 773.43 0.594 0.1131 -0.313 26.7 0.89 
430 432 1.67 791.83 0.580 0.0829 -0.331 27.6 0.92 
440 438 1.67 810.23 0.56 0.054 -0.350 28.5 0.9 
450 446 1.25 828.63 0.555 0.0264 -0.368 29.5 0.983 
460 450  30.61 1.020 
470 480  37.68 1.256 
480 510  42.38 1.4126 
490 540  42.38 1.412 

















(kW/m 2 ) 
HF/HF0 
10 16 0.63 30.00 15.33 22.5 0.43 0.29 0.009 
20 23 1.43 40.00 11.5 22 0.42 0.3 0.009 
30 28 2.00 45.00 10.22 28.66 0.415 0.59 0.018 
40 43 0.67 70.00 6.571 14 0.39 0.88 0.027 
50 56 0.77 100.00 4.6 8.2 0.36 1.09 0.0340 
60 69 0.77 115.00 4 7.272 0.345 1.17 0.0365 
70 79 1.00 130.00 3.538 6.5 0.33 1.17 0.0365 
80 90 0.91 150.00 3.066 5.428 0.31 1.17 0.0365 
90 102 0.83 170.00 2.705 4.625 0.29 1.77 0.0553 
100 117 0.67 190.00 2.421 4 0.27 1.77 0.0553 
110 125 1.25 215.00 2.139 3.333 0.245 2.03 0.0634 
120 135 1.00 j 	225.00 2.044 3.238 0.235 2.35 0.0734 
130 149 0.71 240.00 1.916 3 0.22 2.35 0.0734 
140 163 0.71 270.00 1.703 2.461 0.19 2.6 0.0812 
150 173 1.00 280.00 1.642 2.384 0.18 2.94 0.0918 
160 183 1.00 300.00 1.533 2.142 0.16 3.25 0.1015 
170 197 0.71 315.00 1.460 2 0.145 3.53 0.1103 
180 207 1.00 330.00 1.393 1.866 0.13 3.53 0.1103 
190 217 1.00 350.00 1.314 1.687 0.11 4.09 0.1278 
200 232 0.67 360.00 1.277 1.625 0.1 4.4 0.13 
210 244 0.83 380.00 1.210 1.470 0.08 5.09 0.1590 
220 255 0.91 410.00 1.121 1.263 0.05 5.55 0.1734 
230 267 0.83 430.00 1.069 1.15 0.03 5.88 0.183 
240 277 1,00 440.00 1.045 I.! 0.02 6.98 0.2181 
250 287 1.00 460.00 I 1 0 7.06 0.2206 
260 297 1.00 470.00 0.978 0.952 -0.01 8.24 0.25 
270 310 0.77 490.00 0.938 0.863 -0.03 8.83 0.2759 
280 322 0.83 500.00 0.92 0.818 -0.04 10 0.31 
290 331 1.11 528.59 0.87 0.712 -0.068 10.59 0.3309 
300 340 1.11 546.59 0.841 0.648 -0.086 12.95 0.4046 
310 347 1.43 564.59 0.814 0.589 -0.104 12.95 0.4046 
320 357 1.00 582.59 0.789 0.53 -0.122 14.6 0.456 
330 365 1.25 600.59 0.765 0.480 -0.140 15.89 0.4965 
340 371 1.67 618.59 0.743 0.430 -0.158 17.09 0.5340 
350 380 1.11 636.59 0.72 0.383 -0.176 17.66 0.5518 
360 388 1.25 654.59 0.70 0.339 -0.194 20.01 0.6253 
370 398 1.00 672.59 0.683 0.297 -0.212 22.37 0.6990 
380 404 1.67 690.59 0.666 0.257 -0.23 23.21 0.725 
390 412 1.25 708.59 0.649 0.219 -0.248 24.72 0.7725 
400 420 1.25 726.59 0.633 0.183 -0.266 23.54 0.735 
410 426 1.67 744.59 0.61 0.149 -0.284 24.32 0.76 
420 432 1.67 762.59 0.603 0.116 -0.302 27.09 0.846 
430 440 1.25 780.59 0.589 0.085 -0.320 29.43 0.919 
440 446 1.67 798.59 0.576 0.055 -0.338 30.61 0.956 
450 453 1.43 816.59 0.563 0.027 -0.356 31.2 0.975 
460 47()  34.14 1.066 
470 490  36.5 1.140 
480 510  37.68 1.177 
490 530  38.85 1.214 



















10 12 0.83 35.00 13.14 18 0.425 0.29 0.009 
20 20 1.25 40.00 11.5 22 0.42 0.29 0.009 
30 24 2.50 50.00 9.2 21.5 0.41 0.29 0.009 
40 37 0.77 65.00 7.07 16.8 0.395 0.59 0.019 
50 51 0.71 85.00 5.411 11.71 0.375 0.59 0.019 
60 61 1.00 110.00 4.181 8 0.35 0.59 0.019 
70 73 0.83 130.00 3.538 6.5 0.33 0.9 0.029 
80 81 1.25 140.00 3.285 6.333 0.32 1.18 0.038 
90 95 0.71 165.00 2.787 4.933 0.295 1.18 0.038 
100 107 0.83 180.00 2.555 4.5 0.28 1.18 0.038 
110 119 0.83 205.00 2.243 3.684 0.255 1.77 0.057 
120 129 1.00 230.00 2 3.090 0.23 1.77 0.057 
130 143 0.71 250(0 1.84 2.7 0.21 2.12 0.068 
140 155 0.83 260.00 1.769 2.666 0.2 2.35 0.075 
150 166 0.91 270.00 1.703 2.583 0.19 2.35 0.075 
160 176 1.00 j 	285.00 1.614 2.4 0.175 2.35 0.075 
170 190 0.71 300.00 1.533 2.230 0.16 2.94 0.094 
180 203 0.77 340.00 1.352 1.75 0.12 3.53 0.113 
190 211 1.25 360.00 1.277 1.58 0.1 3.53 0.113 
200 225 0.71 370.00 1.243 1.529 0.09 3.53 0.113 
210 239 0.71 380.00 1.210 1.470 0.08 3.53 0.113 
220 252 0.77 400.00 1.15 1.333 0.06 4.12 0.132 
230 263 0.91 4200) 1.095 1.210 0.04 4.71 0.151 
240 273 1.00 450.00 1.022 1.047 0.01 5.1 0.164 
250 282 1.11 470.00 0.978 0.954 -0.01 5.89 0.19 
260 292 1.00 490.00 0.9387 0.8695 -0.03 5.89 0.19 
270 302 1.00 50000 0.92 0.8260 -0.04 7.06 0.2277 
280 311 1.11 519.40 0.8856 0.751 -0.0594 8.24 0.2658 
217 
290 319 1.25 538.00 0.8550 0.6854 -0.078 824 0.2658 
300 332 0.77 556.60 0.8264 0.6235 -0.0966 10.4 0.3354 
310 346 0.71 575.20 0.7997 0.5656 -0.1152 12.5 0.4032 
320 349 3.33 593.80 0.774 0.5113 -0.1338 12.96 0.4180 
330 355 1.67 612.40 0.7511 0.460 -0.1524 12.98 0.418 
340 367 0.83 631.00 0.729 0.4123 -0.171 13.8 0.4451 
350 377 1.00 649.60 0.7081 0.3671 -0.1896 14.13 0.4558 
360 383 1.67 668.20 0.6884 0.3244 -0.2082 15.3 0.4935 
370 389 1.67 686.80 0.6697 0.2840 -0.2268 20.01 0.6454 
380 395 1.67 705.40 0.6521 0.2458 -0.2454 20.01 0.6454 
390 402 1.43 724.00 0.6353 0.2095 -0.264 20.01 0.6454 
400 409 1.43 742.60 0.6194 0.1751 -0.2826 22.37 0.7216 
410 415 1.67 761.20 0.6043 0.1423 -0.3012 23.67 0.7635 
420 423 1.25 779.80 0.5898 0.1111 -0.3198 25.6 0.8258 
430 430 1.43 798.40 0.5761 0.0814 -0.3384 27.08 0.8735 
440 438 1.25 817.00 0.5630 0.053 -0.357 28.25 0.911 
450 446 1.25 835.60 0.5505 0.0259 -0.3756 30.2 0.9741 
460 470  32.97 1.0635 
470 490  37.67 1.2151 
480 510  40.03 1.291 
490 530  40.03 1.291 
500 550  41.21 1.3293 
570 41.21 1.3293 
A-3 Measurements of Flame Heights and Heat Fluxes to the Unburned Surfaces in 
Gas Panel Tests 
H=0.15 m, W=0.15 m, H/W=1 
flow rate 
RHR (kW) Q (kW/m) Xf (m) bottom middle top 
2.5 3.5425 23.61667 0.32 15.28 1.6 1.25 
3 4.251 28.34 0.42 15.67 2.12 1.71 
3.5 4.9595 33.06333 0.51 22.14 2.92 1.86 
4 5.668 37.78667 0.55 23.07 3.43 2.37 
4.5 6.3765 42.51 0.63 24.21 4.4 2.51 
5 7.085 47.23333 0.64 25.04 6.14 3.08 
5.5 7.7935 51.95667 0.73 25.36 7.17 3.24 
6 8.502 56.68 0.76 25.84 9.06 3.69 
6.5 9.2105 61.40333 0.78 25.64 11.31 3.99 
7 9.919 66.12667 0.74 25.49 13.77 4.81 
7.5 10.6275 70.85 0.88 25.81 14.9 5.03 
8 11.336 75.57333 0.89 25.1 16.19 5.56 
8.5 12.0445 80.29667 0.9 25.37 18.9 5.61 
9 12.753 85.02 0.93 24.3 20.38 7.35 
9.5 13.4615 89.74333 1 23.55 23.72 7.33 
10 14.17 94.46667 1.01 23.7 24.91 8.38 
10.5 14.8785 99.19 1.03 23.81 25.32 8.7 
11.5 16.2955 108.6367 1.06 22.34 26.24 11.17 
12.5 17.7125 118.0833 1.11 22.38 1 	26.97 12.47 
13.5 19.1295 127.53 1.18 20.68 1 27.15 16.09 
219 
H=0.3 m, W=0.15 m, HIW=2 
flow rate RHR (kW) Q' (kW/ni) 
(L/min)  
Xf(m) bottom middle top 
3.5 4.9595 33.06333 0.45 8.66 1.52 1.31 
4 5.668 37.78667 0.52 14.93 1.85 1.43 
4.5 6.3765 42.51 0.58 12.27 2.09 1.82 
5 7.085 47.23333 0.63 20.49 2.6 1.97 
5.5 7.7935 51.95667 0.68 17.66 3.35 2.45 
6 8.502 56.68 0.73 24.45 3.88 2.65 
6.5 9.2105 61.40333 0.8 19.52 4.65 3.02 
7 9.919 66.12667 0.82 26 5.42 3.34 
7.5 10.6275 70.85 0.86 20.93 6.17 3.43 
8 11.336 75.57333 0.88 26.95 6.75 3.92 
8.5 12.0445 80.29667 0.92 21.87 8.71 4.15 
9.1 12.8947 85.96467 0.98 27.35 8.48 4.45 
9.5 13.4615 89.74333 0.97 22.91 11.64 5.02 
10 14.17 94.46667 1.03 27.96 10.07 5.08 
10.5 14.8785 99.19 1.03 23.92 14.59 5.71 
11 15.587 103.9133 1.05 27.64 12.78 5.91 
12 17.004 113.36 1.08 31.18 13.99 6.74 
13 18.421 122.8067 1.13 30.5 16.94 7.85 
14.1 19.9797 133.198 1.17 29.86 19.33 8.45 
15 21.255 141.7 1.22 28.7 21.73 9.64 
16 22.672 151.1467 1.25 28.17 22.21 11.27 
17 24.089 160.5933 1.28 27.76 23.4 12.15 
19 26.923 179.4867 1.3 27.46 24.62 15.74 
21 29.757 198.38 1.36 27.13 25.19 17.75 
10 
H=0.3 m, W=0.3 m, H/W=l 
flow rate 
RHR (kW) Q (kW/m) Xf (m) bottom middle top 
7 9.919 33.06333 0.52 14.17 2.07 1.96 
8 11.336 37.78667 0.59 18 2.63 2.41 
9 12.753 42.51 0.64 20.69 3.22 2.79 
10 14.17 47.23333 0.72 22.47 3.89 3.06 
11 15.587 51.95667 0.76 23.4 4.74 3.62 
12 17.004 56.68 0.83 24.94 6.09 4.1 
13 18.421 61.40333 0.85 24.9 7.15 4.14 
15 21.255 70.85 0.89 25.7 9.96 5.35 
17 24.089 80.29667 1 25.98 12.34 6.3 
19 26.923 89.74333 1.05 25.54 17.03 7.96 
21 29.757 99.19 1.11 24.78 18.81 8.96 
23 32.591 108.6367 1.15 24.26 21.03 10.93 
25 35.425 118.0833 1.2 23.83 23.47 13.78 
H=O. 15 m, W=0.3 m, 1-JIW=0.5 
flow rate RHR (kW) Q' (kW/m) 
(L/min)  
Xf (m) bottom middle top 
4 5.668 18.89333 0.34 16.22 1.22 1.2 
4.5 6.3765 21.255 0.41 19.15 1.59 1.34 
5 7.085 23.61667 0.45 19.67 1.71 1.47 
5.5 7.7935 25.97833 0.48 21.81 2.04 1.74 
6 8.502 28.34 0.51 23.88 2.4 1.91 
7 9.919 33.06333 0.57 26.38 3.26 2.43 
8 11.336 37.78667 0.59 27.24 4 2.7 
9 12.753 42.51 0.65 27.93 5.97 3.42 
14.17 47.23333 0.7 27.98 7.5 3.86 
11 15.587 51.95667 0.75 28 10.74 4.6 
12 17.004 56.68 0.81 28.23 12.01 4.63 
13 18.421 61.40333 0.85 27.35 14.58 5.28 
14 19.838 66.12667 0.88 26.62 16.65 5.89 
16 22.672 75.57333 0.95 25.39 19.49 7.08 
18 25.506 85.02 1.01 24.08 24.08 10.1 
20 28.34 94.46667 1.08 23.19 24.82 11.99 
22 31.174 103.9133 1.1 22.99 25.35 1 	15.07 
24 34.008 1 	113.36 1.15 23.3 25.15 1 15.56 
22 I 
H=0.45 m, W=0.3 m, HJW=:1.5 
flow rate RHR (kW) Q' (kW/m) 
(L/min)  
Xf (m) bottom middle top 
10 14.17 47.23333 0.63 13.21 2.94 2.99 
10.5 14.8785 49.595 0.7 11.43 2.59 2.83 
11 15.587 51.95667 0.73 13.71 3.16 3.25 
12 17.004 56.68 0.76 21.33 3.56 3.37 
13 18.421 61.40333 0.83 17.42 4.78 4.23 
14 19.838 66.12667 0.85 24.96 4.35 3.88 
15 21.255 70.85 0.93 19.92 6.87 5.07 
16 22.672 75.57333 0.94 28.44 5.86 4.59 
7 24.089 80.29667 0.97 29.14 7.16 4.81 
8 25.506 85.02 0.99 29.87 9.06 5.43 
20 28.34 94.46667 1.03 30.4 11.12 6.04 
22 31.174 103.9133 1.09 30.61 15.1 7.1 
24 34.008 113.36 1.15 29.8 18.36 8.28 
26 36.842 122.8067 1.21 29.93 21.03 9.77 
28 39.676 132.2533 1.28 29.38 23.28 11.58 
30 42.51 141.7 1.35 28.15 23.74 13.08 
32 45.344 151.1467 1.39 27.64 24.04 13.94 
35 49.595 165.3167 1.52 26.93 25.34 15.52 
H=0.6 m, W=0.3 m, I-1/W=2 
flow rate RHR (kW) Q (kW/m) 
(L/min)  
Xf (m) bottom middle top 
13 18.421 61.40333 0.83 13.19 2.45 2.62 
15 21.255 70.85 0.88 18.02 2.92 3.09 
17 24.089 80.29667 0.96 24.13 4.05 3.76 
19 26.923 89.74333 1.01 26.18 5.07 4.2 
22 31.174 103.9133 1.09 29.35 7.21 5.19 
25 35.425 118.0833 1.2 30.8 11.76 6.44 
27 38.259 127.53 1.23 30.47 14.76 6.95 
29 41.093 136.9767 1.3 31.11 18.02 8.08 
31 43.927 146.4233 1.36 29.96 19.58 8.88 
33 46.761 155.87 1.39 29.16 20.62 9.7 
35 49.595 165.3167 1.45 27.97 20.46 10.78 
37 52.429 174.7633 1.48 27.38 22.89 12.32 
39 55.263 184.21 1.51 27.27 25.49 14.84 
41 58.097 193.6567 1.55 26.48 25.66 15.94 
43 60.931 203.1033 1.62  
H=0.3 m, W0.3 m, H/W=1 (lower) 
flow rate RHR (kW) Q' (kW/m) 
(L/min)  
Xf(m) bottom middle top 
9 12.753 42.51 0.54 4.9 1.56 1.87 
10 14.17 47.23333 0.59 6.05 1.83 2.11 
II 15.587 51.95667 0.66 7.11 2.03 2.29 
12 17.004 56.68 0.7 8.43 2.2 2.46 
13 18.421 61.40333 0.77 9.94 2.52 2.63 
14 19.838 66.12667 0.79 11 2.65 2.78 
16 22.672 75.57333 0.85 15.41 3.59 3.34 
18 25.506 85.02 0.89 17.74 4.2 3.75 
20 28.34 94.46667 0.95 20 4.91 4.12 
22 31.174 103.9133 1.02 22.31 6.52 4.81 
24 34.008 113.36 1.09 23.91 7.75 5.35 
H=0.15 m, W=0.57 m, HIW=2.63 
flow rate RHR (kW) Q (kW/m) 
(L/min)  
Xf (m) bottom middle top 
6.5 9.2105 16.15877 0.32 7.65 1.08 0.93 
7 9.919 17.40175 0.35 8.77 1.19 1.11 
7.5 10.6275 18.64474 0.39 9.32 1.31 1.19 
8 11.336 19.88772 0.41 10.97 1.4 1.33 
9 12.753 22.37368 0.45 12.5 1.68 1.58 
10 14.17 24.85965 0.49 15.25 1.83 1.72 
11 15.587 - 27.34561 0.54 19.25 2.11 2.01 
12 17.004 29.83158 0.56 21.05 2.38 2.16 
14 19.838 34.80351 0.59 23.14 3.53 1 	2.78 
16 22.672 39.77544 0.63 25 4.59 2.38 
18 25.506 44.74737 0.69 25.75 6.01 3.85 
20 28.34 49.7193 0.73 25.86 6.36 4.05 
22 31.174 54.69123 0.75 25.48 9.62 4.5 
25 35.425 62.14912 0.83 25.63 12.65 5.39 
28 39.676 69.60702 0.88 25.66 15.46 6.16 
30 42.51 74.57895 0.95 23.04 19.89 8.77 
32 45.344 79.55088 0.99 23.02 20.26 9 
34 48.178 84.52281 1.05 22.55 22.6 10.61 
37 52.429 91.9807 1.1 22.08 24.23 13.06 
40 56.68 99.4386 1.19 1 	21.35 24.09 15.41 
H=0.3 m, W=0.57 m, HJW=5.26 
flow rate RHR (kW) Q (kW/m) 
(L/min)  
Xf (m) bottom middle top 
12 17.004 29.83158 0.5 14.69 2.56 2.46 
14 19.838 34.80351 0.58 17.93 3.2 2.87 
16 22.672 39.77544 0.65 20.55 4.27 3.18 
18 25.506 44.74737 0.68 21.83 5.12 3.74 
20 28.34 49.7193 0.73 22.77 6.45 4.24 
23 32.591 57.17719 0.81 23.74 9.13 5.22 
26 36.842 64.63509 0.9 24.62 11.77 6.26 
29 41.093 72.09298 0.96 24.72 13.67 7.09 
32 45.344 79.55088 1.03 24.42 16.97 8.68 
35 49.595 87.00877 1.07 24 20.13 10.27 
38 53.846 94.46667 1.1 23.22 21.81 11.78 
41 58.097 101.9246 1.14 23.21 22.63 13.12 
44 62.348 109.3825 1.22 22.64 23.73 14.9 
46 65.182 114.3544 1 	1.28 22.12 23.44 15.44 
48 68.016 119.3263 1 1.3 21.51 22.91 16.18 
H=0.45 m, W=0.57 m, H/W=7.89 
flow rate RHR (kW) Q (kW/m) 
(L/min)  
Xf (m) bottom middle top 
16 22.672 39.77544 0.64 9.34 2.21 2.78 
18 25.506 44.74737 0.69 11.82 2.62 3.05 
20 28.34 49.7193 0.74 13.66 3.05  3.22 
22 31.174 54.69123 0.77 15.53 3.7 3.6 
24 34.008 59.663 16 0.85 17.66 4.9 4.5 
26 36.842 64.63509 0.9 18.1 5.42 4.69 
29 41.093 72.09298 1 20.03 7.85 5.77 
32 45.344 79.55088 1.05 20.67 9.24 6.31 
35 49.595 87.00877 1.1 21.23 11.2 7.37 
38 53.846 94.46667 1.15 21.47 12.68 8.55 
41 58.097 101.9246 1.17 21.65 14.16 9.31 
45 63.765 111.8684 1.25 21.16 15.88 10.92 
48 68.016 1 	119.3263 1.28 21.14 17.7 12.79 
51 72.267 126.7842 1.33  
224 
A-4 Measurements of Flame Heights and Heat Fluxes to the Unburned Surfaces on 
PMMA Wall Fires in a Corner 













0 0.02 0.12  0.63 0.36 
10  0.00155 0.67 0.39 
20 0.051 0.16  0.78 0.48 
30  0.00105 0.85 0.57 
40 0.072 0.24  0.92 0.67 
50  0.00105 1.00 0.77 
60 0.093  1.12 0.90 
70  0.00135 1.22 0.99 
80 0.12 0.32  1.38 1.13 
90  0.00135 1.51 1.23 
100 0.147 0.38  1.65 1.34 
110  0.0015 1.81 1.51 
120 0.177 0.43  1.95 1.69 
130  0.0012 2.15 1.90 
140 0.201 0.5  2.52 2.26 
150  0.00195 2.89 2.55 
160 0.24 0.54  3.27 2.83 
170  0.00165 3.67 3.12 
180 0.273 0.6  4.36 3.63 
190  0.00255 4.97 4.17 
200 0.324 0.7  6.04 5.25 
210  0.0024 7.10 6.18 
220 0.372 0.8  8.45 7.16 
230  0.0027 10.06 8.04 
240 0.426 0.85  12.26 9.38 
250  0.0027 13.95 10.74 
260 0.48 0.9  16.25 13.11 
270  0.003 18.15 15.17 
280 0.54  19.94 17.01 
290  0.00345 22.17 19.17 
300 0.609  23.44 20.39 
310  0.0041 24.55 21.46 
320 0.711  25.70 22.46 
330  0.00395 26.40 23.08 
340 0.792  27.05 23.57 
350  0.0066 27.62 24.0 
360 0.924  28.22 24.28 
370  0.0039 28.34 24.36 
380 1.002  28.26 24.38 
390  28.2 24.31 
400  28.29 24.08 
410  28.39 23.52 
420  28.40 23.13 
430 28.39 22.82 
440  28.41 22.53 
1 













0 0.02 0.12  7.44E-02 0.49 
10  9.95E-02 0.53 
20 0.006 0.16  1.90E-01 0.60 
30  0.0015 6.36E-01 0.65 
40 0.036 0.22  1.06E+00 0.70 
50  0.0006 1.38E+00 0.74 
60 0.048 0.29  1.42E+00 0.83 
70  0.0018 1.19E+00 0.91 
80 0.084 0.33  7.07E-01 1.07 
90  0.00075 4.51E-01 1.23 
100 0.099 0.39  3.49E-01 1.40 
110  0.0015 4.22E-01 1.56 
120 0.129 0.45  8.13E-01 1.76 
130  0.0015 1.14E+00 1.93 
140 0.159 0.5  1.60E+00 2.28 
150  0.00135 1.93E+00 2.48 
160 0.186 0.54  2.32E+00 2.68 
170  0.00255 2.61 E+00 2.88 
180 0.237 0.62  2.85E+00 3.37 
190  0.00075 3.10E+00 4.01 
200 0.252 0.68  3.81 E+00 5.02 
210  0.00345 4.65E+00 5.74 
220 0.321 0.72  5.71 E+00 6.56 
230  0.00285 6.82E+00 7.63 
240 0.378 0.83  8.26E+00 9.78 
250  0.00285 9.39E+00 11.70 
260 0.435 0.95  1.12E+01 13.91 
270  0.003 1.29E+01 15.32 
280 0.495  1.47E+01 16.88 
290  0.00315 1.64E+01 18.65 
300 0.558  1.86E+01 20.73 
310  0.0048 2.03E+01 21.92 
320 0.654  2.24E+01 23.27 
330  0.00495 2.34E+01 24.10 
340 0.75  2.41 E+01 24.89 
350  0.0036 2.47E+01 25.55 
360 0.822  2.53E+01 25.98 
370  0.0069 2.54E+01 25.96 
380 0.96  2.50E+01 26.05 
390  2.49E+01 26.17 
400  2.49E+01 26.11 
410  2.50E+01 25.83 
420  2.49E+01 25.7 
430 2.47E+01 25.80 
440 2.42E+01 25.71 
450  2.38E+01 24.17 
460 2.33E+01 21.00 
470  2.31E+01 17.77 
2 26 










(kW/m 2 ) 
Heat flux 
(kW/m 2) 
0 0.02  0.58 0.02 
10  0.00155 0.61 0.02 
20 0.051 0.18  0.68 1.07 
30  0.00075 0.74 0.96 
40 0.066 0.23  0.81 1.04 
50  0.00105 0.90 1.15 
60 0.087 0.3  1.04 1.77 
70  0.0012 1.15 1.69 
80 0.111 0.35  1.24 1.04 
90  0.00105 t31 0.87 
100 0.132 0.4  1.41 0.97 
110  0.0015 1.57 1.11 
120 0.162 0.44  1.80 1.16 
130  0.00135 1.99 1.51 
140 0.189 0.48  2.28 2.39 
150  0.00135 2.52 2.87 
160 0.216 0.53  2.84 3.06 
170  0.00195 3.12 2.78 
180 0.255 0.61  3.58 2.57 
190  0.00165 3.97 2.79 
200 0.288 0.7  4.74 3.3 
210  0.0036 5.46 3.76 
220 0.36  6.40 4.14 
230  0.0015 7.58 4.81 
240 0.39  9.54 6.37 
250  0.003 11.30 7.93 
260 0.45  13.95 10.45 
270  0.00285 15.88 12.48 
280 0.507  17.68 14.16 
290  0.00315 19.32 15.67 
300 0.57  21.23 17.81 
310  0.0039 22.72 19.60 
320 0.648  24.64 21.4 
330  0.0036 25.92 22.11 
340 0.72  26.85 22.92 
350  0.0045 27.31 24.10 
360 0.81  27.56 25.58 
370  0.003 27.72 26.55 
380 0.87  28.11 27.18 
390  0.0054 28.21 27.28 
400 0.978  28.13 27.18 
410  28.20 27.12 
420  28.52 27.17 
430 28.80 27.35 
440  28.41 22.53 
450 28.44 22.31 
460 27.59 1 	21.44 
470  23.08 1 17.77 

















0 0.02 0.13  0.497 0.002  1.75 
10  0.0032 1.05  0.0032 1.90 
20 0.084 0.18  1.04 0.066  0.89 
30  0.0009 1.42  0.0012 0.05 
40 0.102 0.25  2.34 0.09  0.84 
50  0.0013 2.70  0.00135 3.15 
60 0.138 0.31  2.20 0.117  3.82 
70  0.00135 2.34  0.00135 2.99 
80 0.165 0.35  3.39 0.144  3.84 
90  0.0015 3.66  0.0015 5.40 
100 0.195 0.4  3.73 0.174  6.14 
110  0.00135 4.26  0.00135 6.60 
120 0.222 0.45  5.74 0.201  7.07 
130  0.00145 6.77  0.0018 7.52 
140 0.251  7.83 0.237  8.82 
150  0.0026 9.02  0.00195 9.91 
160 0.303  10.63 0.276  11.30 
170  0.00225 12.30  0.0018 13.16 
180 0.348  15.04 0.312  15.93 
190  0.00225 16.77  0.00195 15.95 
200 0.393 0.7  18.27 0.351  17.90 
210  0.00355 20.71  0.0024 21.06 
220 0.464 0.75  23.71 0.399  22.87 
230  0.0026 26.06  0.00495 23.69 
240 0.516 0.83  28.74 0.498  25.36 
250  30.34  26.16 
260  0.0054 31.19  27.25 
270  31.15  28.88 
280  31.04  29.27 
290  30.81  27.64 
300  30.63  27.07 
310  31.17  27.49 
320  31.56  
330  31.18  
340  31.18  





Heat flux (kW/m 2 ) Heat flux (kW/m 2) 
0 0.12 3.74 2.73 
10  5.87 3.83 
20 0.17 7.92 6.00 
30  8.94 8.13 
40 0.24 10.4 10.0 
50  12.13 12.75 
60 0.3 13.51 15.3 
70  15.34 17.5 
80 0.35 17.62 19.72 
90  19.52 21.44 
100 0.39 21.02 23.40 
110  22.53 25.80 
120 0.44 23.71 27.84 
130  24.6 29.61 
140 0.49 25.54 31.50 
150  26.38 31.24 
160 0.54 27.28 30.8 
170  27.46 31.10 
180 0.6 27.36 31.28 
190  27.63 31.32 
200  27.94  
210  27.31  
A-S - Measurements of Flame Heights, Heat Fluxes to the Unburned Surfaces and 
Heat Fluxes to the Opposing Wall on PMMA Wall Fires with the influence of a 
Parallel Inert Wall 
Measurements of heat flux to unburned surfaces 
Sample height: 24 cm 
Time a =oo a=5cni a=15 cm a=25cm a=35 cm 
(mm) Test I Test 2 Test I Test 2 Test I Test 2 Test I Test 2 Test I 
0 0 0 0 0 0 0 0 0 0 
0.33 1.46 1.02 0.48 0.48 0.48 0.48 1.46 0.68 0.77 
0.66 2.63 1.94 0.59 1.26 1.16 0.87 2.23 1.65 1.75 
1 4.38 3.21 0.97 2.14 1.46 0.97 3.11 2.92 2.53 
1.33 6.33 3.89 1.84 3.21 2.33 2.14 4.28 3.89 3.50 
1.66 8.18 5.45 2.92 4.76 3.21 3.79 5.84 5.25 4.76 
2 10.71 7.59 4.38 6.52 4.57 5.64 7.39 7.20 5.93 
2.33 14.32 9.35 6.32 10.02 6.52 7.30 9.14 9.34 7.88 
2.66 18.99 12.27 8.26 13.23 8.56 8.95 10.70 10.80 11.09 
3 23.38 14.61 10.90 18.68 10.31 11.77 12.26 15.18 13.72 
3.33 27.08 18.02 14.01 21.90 12.75 14.60 14.60 18.10 18.39 
3.67 29.91 22.11 15.86 22.09 14.60 17.22 17.03 20.92 19.85 
4 31.66 25.42 18.49 26.37 18.59 20.24 19.27 22.09 23.36 
4.33 34.68 29.71 21.41 28.03 20.63 21.41 20.34 25.21 26.67 
4.66 35.85 32.15 23.16 29.38 22.48 23.55 23.16 25.50 29.78 
5 36.34 33.90 23.36 29.68 24.33 25.01 24.72 24.91 32.99 
5.33 35.95 35.17 23.65 29.68 25.30 25.89 25.98 23.45 34.55 
5.66 34.58 35.56 23.75 29.68 25.50 24.82 25.69 20.92 34.45 
6 31.27 34.10 23.75 29.59 24.91 24.14 25.21  33.58 
6.33  23.26 29.00 24.33 23.26 19.27  32.60 
6.66  23.16 28.90 23.45  
7  21.99 28.90  




Sample height 48 cm 
Time a= oo a=5cm a=15 cm a=25cm a=35cm 
(mm) Test I Test 2 Test I Test 2 Test I Test 2 Test 1 Test I 
0 0 0 0 0 0 0 0 0 
0.33 0.29 0.48 0.29 0.19 0.19 0.29 0.19 0,38 
0.66 0.48 0.68 0.29 0.29 0.29 0.48 0.38 0.87 
1 0.58 0.77 0.38 0.38 0.38 0.58 0.48 0.97 
1.33 0.97 0.87 0.50 0.48 0.38 0.68 0.68 1.07 
1.66 1.16 0.97 0.68 0.58 0.48 0.87 0.77 1.16 
2 1.46 1.16 0.77 0.68 0.58 0.87 1.07 1.26 
2.33 1.65 1.55 0.87 0.77 0.68 0.87 1.16 1.46 
2.66 1.84 2.04 0.97 0.87 0.68 0.97 1.26 1.75 
3 2.04 2.23 1.07 0.97 0.73 1.07 1.46 1.94 
3.33 2.23 2.43 1.26 1.07 0.77 1 1.65 2.43 
3.67 2.33 2.72 1.75 1.26 0.87 126 1.75 2.82 
4 2.43 3.21 2.14 155 0.97 1.36 1.84 3.30 
4.33 2.72 3.69 2.33 1.84 1.07 155 1.94 3.50 
4.66 3.30 4.08 2.43 1.94 1.16 1.75 2.23 3.89 
5 3.89 4.38 2.72 2.14 126 1.94 2.43 4.38 
5.33 4.18 4.86 2.92 2.43 1.36 2.14 2.53 4.57 
5.66 1 	4.76 5.35 3.21 3.11 1.46 2.23 2.72 4.96 
6 5.15 6.32 3.60 3.69 1.65 2.23 2.92 5.54 
6.33 5.84 8.07 3.89 3.89 1.84 2.33 4.18 6.32 
6.66 7.30 9.34 4.38 4.38 1.94 2.43 4.96 6.8 
7 9.24 11.97 5.06 5.06 2.23 2.92 6.03 7.59 
7.33 10.99 15.28 6.22 5.93 2.72 3.01 6.81 7.10 
7.66 13.72 18.29 7.30 6.81 3.11 3.50 7.68 9.83 
8 17.22 21.70 8.95 7.78 3.40 4.08 8.46 12.07 
8.33 19.46 24.91 10.80 9.24 3.89 4.96 9.44 14.11 
8.66 23.55 27.84 13.04 11.87 5.06 5.74 11.09 16.54 
9 28.32 30.56 16.54 15.18 5.84 7.00 12.75 18.49 
9.33 1 	32.60 34.06 21.41 15.37 6.81 8.37 14.11 23.45 
9.66 36.79 36.98 27.54 18.98 7.78 10.22 14.69 28.90 
10 38.44 37.57 33.58 19.47 8.85 11.77 17.52 32.70 
10.33 37.18 36.89 38.64 25.01 9.92 14.40 22.38 36.11 
10.66 35.77 35.62 1 	41.95 32.51 12.16 17.71 28.90 37.96 
11  34.55 42.44 36.40 14.60 21.31 33.19 38.93 
11.33  41.85 38.35 18.39 24.52 36.21 39.22 
11.66  40.39 38.15 22.58 29.39 37.96 39.13 
12  35.62 26.76 33.19 39.42 38.54 
12.33 1  32.92 30.46 37.57 40.59 38.25 
12.66  33.09 40.00 40.68 37.76 
13  35.04 40.49 39.32 36.59 
13.33  35.52 39.32 37.47 35.82 
13.66  34.84 37.57 35.62 34.94 
14  33.03 35.52  





a=15 cm a=25 
 cm  
a= 35 cm 
Test I Test 2 Test 3 Test 1 Test I Test 2 Test I Test I Test 2 Test 3 
0 0 0 0 1.11 0 0 0 0 1.2 0.3 
1 0 0 0 0.65 0 0 0 0 1.3 0.6 
2 0 0 0 1.44 0 0 0 0 1.3 0.5 
3 0.03 0 0.24 1.91 0 0 0 0 0.8 0.5 
4 0.27 0 0.05 1.85 0 0 0 0 0.3 0.6 
5 0.20 0.01 0.51 2.65 0 0 0 0 0.5 0.6 
6 0.38 0.01 0.68 2.67 0 0 0 0 0.5 0.5 
7 0.49 0.02 0.80 3.63 0 0 0 0 0 0.9 
8 0.16 0.05 0.91 4.58 0 0 0 0 0.3 1 
9 0.73 0.05 1.27 5.59 0 0 0 0 1 1.6 
10 0.67 0.12 1.86 6.94 0 0 0 0.6 1.4 2 
11 0.72 0.24 2.49 8.74 0 0 0 1 1.1 2.5 
12 1.03 0.30 3.65 13.33 0.6 0 0.7 1.4 1.6 3.3 
13 1.28 0.35 5.05 21.76 6.6 0 1.3 3 2.2 3.8 
14 2.03 0.50 6.72 31.31 8.2 4.2 1.6 3 2.9 5.5 
15 1.76 0.91 11.95 35.63 9.6 7.1 2.7 3.2 4.7 8.2 
16 3.53 1.36 21.42 37.44 11.9 17.1 5.2 5.5 6.5 12.8 
17 6.32 1.79 31.79 38.53 21.7 24 9.7 9.3 11.4 21.6 
18 15.48 2.44 34.16 39.19 26.9 28.3 17 20.9 19.4 29.6 
19 21.02 3.72 32.69 38.51 25.6 25.4 24.7 28.6 26.4 32.1 
20 18.85 6.92 31.53 31.69 20.2 29.4 26.3 32.9 27.4 31.6 
21 20.62 13.21 30.41 29.13  24.5 27.9  31.2 
22 18.11 21.58 28.60 30.59  23.4  29.9 
23  26.78  29.94  22.4  31.9 
24  26.64  23.4  
25  25.47  
26  24.72  
23.6  
Measurements of heat flux to the opposing wall 
Separation=5 cm, measuring point X'= 15, 45 and 90 cm. 
Time (min) X'=l5cni X'=45 cm X'=90 cm 
Test I Test 2 Test I Test 2 Test 1 Test2 
0 0.38 0.4 0 0 0 0 
1 0.83 0.7 0 0.1 0 0.1 
2 2.2 2 0.2 0.2 0.1 0.1 
3 4.2 3.9 0.3 0.3 0.2 0.2 
4 5.8 6 0.5 0.5 0.2 0.3 
5 7.1 7.7 0.7 0.8 0.3 0.5 
6 8.1 8.9 1 1.2 0.5 0.7 
7 8.7 9.8 1.5 2.4 0.7 1.2 
8 9.1 10.2 2.1 3.8 0.8 1.6 
9 9.3 10.4 3.3 5.7 1.2 2 
10 9.5 10.5 4.8 8.7 1.2 2.7 
11 9.6 11.2 6.7 12.2 1.6 4.1 
12 9.6 11.8 9.1 14.5 2.3 6.3 
13 9.5 11.8 10.7 14.8 3 8.8 
14 9.7 11.7 12 15.3 4.5 11.7 
15 9.9 11.3 12.5 15.6 6.3 13.9 
16 10 11 12.2 15.8 7.7 15.1 
17 10 10.7 11.9 15.6 8.6 15.1 
18 9.9 10.5 12.5 15.2 10 15.1 
19 9.7 10.1 12.9 13.6 10.7 13.1 
20 9.4 9.5 12.8 12.1 10.6 11.4 
21 9.2 9.3 12.8 11.6 10.8 11.3 
22 8.8 8.8 13.1 11.8 11.7 11.8 
23  8.3  11.8  12.2 
Separation=15 cm, measuring point X'= 15, 45 and 90 cm. 
time  X'=l5cm   X'=45 cm   X'=90 cm  
Test 1 Test 2 Test 3 Test I Test 2 Test 3 Test I Test 2 Test 3 
0 0.6 0.8 0.7 0.1 0.1 0.2 0.1 0.1 0.2 
1 0.9 1.1 0.9 0.1 0.1 0.2 0.1 0.1 0.2 
2 1.4 1.7 1.4 0.1 0.1 0.2 0.1 0.1 0.2 
3 1.9 2.2 1.9 0.1 0.1 0.2 0.1 0.1 0.2 
4 2.3 2.6 2.3 0.2 0.2 0.2 0.1 0.1 0.2 
5 2.6 3 2.7 0.2 0.2 0.3 0.1 0.1 0.2 
6 2.9 3.3 3.1 0.3 0.4 0.4 0.1 0.1 0.2 
7 3.2 3.5 3.3 0.4 0.5 0.5 0.1 0.1 0.2 
8 3.4 3.6 3.5 0.7 0.8 0.8 0.1 0.2 0.2 
9 3.5 3.8 3.6 1.1 1.3 1.1 0.2 0.2 0.2 
10 3,6 3.8 3.8 1.6 1.9 1.8 0.2 0.2 0.3 
11 3.6 3.9 3.8 2.1 2.7 2.5 0.2 0.3 0.4 
12 3.7 4 3.7 3 3.5 3.1 0.4 0.5 0.5 
13 3.8 4 3.8 3.6 4.1 3.7 0.5 0.8 0.8 
14 3.9 4 3.7 3.9 4.4 4.1 0.7 1.2 1.2 
15 4 4 3.7 4.3 4.8 4.3 1.1 1.8 1.7 
16 3.9 3.8 3.8 4.8 5.1 4.6 1.8 2.6 2.2 
17 3.9 3.4 3.8 4.9 5.2 4.8 2.3 3.1 2.8 
18 3.8 3.1 3.7 5 5.2 4.7 2.8 3.2 3.1 
19 3.8 3 3.7 5.1 5.2 4.7 3.2 3.3 3.3 
20 3.7 3 3.8 5.1 5.3 4.7 3.3 3.5 3.4 
21  3.1 3.8  5.1 4.7  3.5 3.4 
Separation=25 cm, measuring point X'= 15, 45 and 90 cm. 
Time (min) X'=l5cm X'=45 cm X'=90 cm 
Test I Test 2 Test I Test 2 Test I Test2 
0 0.4 0.6 0.1 0.3 0.1 0.4 
1 0.5 0.6 0.1 0.3 0.1 0.4 
2 0.7 0.7 0.1 0.3 0.1 0.3 
3 0.9 0.9 0.1 0.3 0.1 0.3 
4 1.1 1.1 0.1 0.3 0.1 0.3 
5 1.3 1.3 0.2 0.3 0.1 0.3 
6 1.5 1.5 0.2 0.4 0.1 0.3 
7 1.6 1.7 0.3 0.5 0.1 0.3 
8 1.7 1.8 0.5 0.6 0.1 0.3 
9 1.8 2 0.6 0.7 0.1 0.3 
10 1.9 2.1 0.7 0.9 0.1 0.3 
11 1.9 2.1 1 1.2 0.2 0.4 
12 2 2.3 1.4 1.6 0.2 0.5 
13 2 2.2 1.6 1.8 0.3 0.5 
14 1.9 2.3 1.8 2.1 0.4 0.7 
15 1.4 2.3 1.8 2.4 0.5 0.9 
16 1 2.3 17 2.7 0.6 1.2 
17 0.8 2.4 1.9 2.9 0.8 1.6 
18 0.7 2.4 2 3 1 1.8 
19 0.7 2.4 2.1 3 1.3 2 
20 0.7 2.3 2.2 2.9 1.5 2 
21 0.7 2.2 2.1 2.9 1.5 2 
22 0.7 2.2 2.1 2.9 1.5 2.2 
23 0.7  2.1  1.5  
0.7  2.1  1.5  
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Separation=35 cm, measuring point X'= 15,45 and 90 cm. 
time  X'=I5cm   X'=45 cm  X'=90 cm 
Test I Test 2 Test 3 Test I Test 2 Test 3 Test I Test 2 Test 3 
0 0.3 0.3 0.4 0 0 0.2 0 0 0.1 
1 0.4 0.4 0.4 0 0 0.1 0 0 0.1 
2 0.5 0.5 0.5 0 0.1 0.2 0 0 0.1 
3 0.6 0.6 0.6 0 0.1 0.2 0 0 0.1 
4 0.6 0.7 0.7 0.1 0.1 0.2 0 0.1 0.1 
5 0.8 0.8 0.9 0.1 0.1 0.2 0 0.1 0.1 
6 0.9 0.9 1 0.2 0.2 0.3 0 0.1 0.1 
7 0.9 1 1.1 0.2 0.2 0.3 0.1 0.1 0.2 
8 1 1 1.3 0.3 0.3 0.4 0.1 0.1 0.2 
9 1.2 1.1 1.4 0.3 0.4 0.6 0.1 0.1 0.2 
10 1.2 1.2 1.5 0.4 0.5 0.7 0.1 0.1 0.2 
11 1.3 1.3 1.5 0.5 0.7 0.9 0.1 0.2 0.3 
12 1.4 1.4 1.6 0.6 0.9 1.1 0.2 0.2 0.3 
13 1.4 1.4 1.6 0.8 1 1.3 0.2 0.3 0.4 
14 1.2 1.4 1.6 1.3 1.2 1.5 0.3 0.3 0.5 
15 1.5 1.4 1.6 1.7 1.3 1.6 0.4 0.4 0.7 
16 1.5 1.4 1.4 1.4 1.5 1.6 0.5 0.6 0.8 
17 1.5 1.4 1.3 1.4 1.6 1.6 0.7 0.7 0.9 
18 1.5 1.5 1.4 1.6 1.7 1.8 0.9 0.9 1.1 
19 1.5 1.5 1.6 1.7 1.9 1.9 1 1.1 1.3 
20 1.5 1.5 1.6 1.8 1.9 1.9 1.2 1.1 1.3 
21 1.5 1.6 1.7 1.9  1.9 1.2  1.3 
22  1.6 1.6  1.9  1.3 
23 ______ 1.6 ______ ______ ______ 2 ______ ______ 1.4 
Measurements of flame heights, pyrolysis heights and flame spread rates 
Separation = infinite 
time Test I   Test 2  Test 3  
XP Xf Vp XP Xf Vp XP Vp 
0 0.035 0.12 0.2 0.01 0.132 0.2 0.02 0.2 
1 0.07 0.216 0.38 0.03 0.192 0.35 0.03 0.34 
2 0.11 0.288 0.45 0.05 0.264 0.45 0.09 0.43 
3 0.14 0.36 0.6 0.11 0.312 0.52 0.12 0.55 
4 0.19 0.408 0.62 0.15 0.36 0.6 0.16 0.7 
5 0.25 0.456 0.72 0.18 0.396 0.55 0.22 0.65 
6 0.28 0.492 0.74 0.18 0.432 0.57 0.25 0.7 
7 0.32 0.552 0.76 0.2 0.468 0.62 0.29 0.8 
8 0.36 0.624 0.78 0.27 0.528 0.65 0.36 0.9 
9 0.43 0.672 0.8 0.29 0.588 0.7 0.43 1 
10 0.51 0.768 0.86 0.35 0.648 0.72 0.52 1.18 
11 0.54 0.84 0.93 0.35 0.732 0.74 0.56 1.1 
12 0.63 0.9 0.95 0.39 0.792 0.76 0.63 1.25 
13 0.7 0.972 0.97 0.46 0.828 0.78 0.77 1.17 
14 0.73 1.02 1 0.53 0.912 0.8 0.82 1.2 
15 0.83  1.05 0.56 0.972 0.95 0.86 1.2 
16 0.89  1.08 0.62 1.056 0.9 0.92 1 
17 0.95  1.1 0.67 0.98 0.98 1 
18 1  1.1 0.76 1 
19  0.8 -  1.1  
20  0.89  
21  1  
22  
23  
Separation = Scm 
time Test 1   Test 2  Test 3  
XP Xf Vp XP Xf Vp Xp Vp 
0 0.01 0.18 0.15 0.02 0.18 0.15 0.006 0.15 
1 0.03 0.264 0.2 0.03 0.276 0.2 0.01 0.2 
2 0.06 0.324 0.3 0.06 0.336 0.3 0.07 0.38 
3 0.1 0.372 0.48 0.1 0.384 0.43 0.1 0.5 
4 0.18 0.408 0.55 0.17 0.42 0.55 0.15 0.6 
5 0.18 0.444 0.6 0.18 0.456 0.62 0.17 0.55 
6 0.22 0.48 0.7 0.23 0.516 0.73 0.22 0.7 
7 0.29 0.54 0.75 0.29 0.564 0.8 0.29 0.77 
8 0.32 0.6 0.7 0.43 0.624 0.9 0.38 0.95 
9 0.35 0.66 0.7 0.45 0.684 0.95 0.48 1.05 
10 0.41 0.72 0.82 0.54 0.756 1.05 0.58 1.1 
11 0.49 0.816 0.88 0.66 0.84 1.1 0.68 1.1 
12 0.55 0.864 0.95 0.67 0.936 1.15 0.76 1.2 
13 0.65 0.912 1.1 0.72 1.032 1.2 0.86 1.25 
14 0.66 0.972 1.05 0.85  1.25 0.92 1.3 
15 0.74 1.068 1.05 0.88  1.1 0.99 1.3 
16 0.75  1 1  1.2 1 1.2 
17 0.85  0.98  1.2  
18 0.96  1  





Separation = 15cm 
time Test I   Test 2  Test 3  
XP Xf Vp XP Xf Vp Xp Vp 
0 0.003 0.144 0.4 0.003 0.168 0.3 0.005 0.1 
1 0.08 0.228 0.52 0.08 0.228 0.47 0.01 0.2 
2 0.12 0.312 0.55 0.11 0.3 0.56 0.06 0.3 
3 0.15 0.348 0.6 0.16 0.348 0.61 0.12 0.45 
4 0.19 0.408 0.66 0.17 0.384 0.65 0.16 0.63 
5 0.24 0.48 0.77 0.21 0.444 0.7 0.19 0.65 
6 0.29 0.504 0.8 0.26 0.48 0.73 0.21 0.68 
7 0.32 0.576 0.82 0.29 0.54 0.76 0.24 0.73 
8 0.37 0.636 0.84 0.32 0.576 0.78 0.3 0.74 
9 0.43 0.672 0.85 0.33 0.624 0.8 0.33 0.75 
10 0.47 0.732 0.87 0.38 0.672 0.83 0.4 0.84 
11 0.51 0.816 0.88 0.41 0.72 0.84 0.46 0.95 
12 0.56 0.876 0.89 0.47 0.78 0.86 0.55 1 
13 0.57 0.948 0.92 0.51 0.84 0.88 0.63 1.06 
14 0.73 0.996 0.95 0.58 0.888 0.9 0.7 1.15 
15 0.77 1.068 1 0.63 0.96 0.95 0.76 1.16 
16 0.78  1.1 0.7 1.044 1 0.83 1.17 
17 0.89  1.1 0.74  1.05 0.89 1.17 
18 0.95  0.8  1.1 0.99 1.18 
19  0.9  1.15  




Separation = 25cm 
time Test I   Test 2  Test 3  
XP Xf Vp XP Xf Vp XP Vp 
0 0.015 0.144 0.38 0.04 0.156 0.3 0.005 0.2 
1 0.06 0.228 0.39 0.1 0.24 0.4 0.02 0.4 
2 0.1 0.3 0.45 0.13 0.312 0.5 0.021 0.5 
3 0.13 0.348 0.5 0.16 0.36 0.58 0.12 0.6 
4 0.16 0.372 0.55 0.2 0.408 0.65 0.15 0.501 
5 0.19 0.42 0.58 0.24 0.432 0.67 0.19 0.668 
6 0.23 0.468 0.6 0.29 0.504 0.69 0.2 0.6 
7 0.28 0.504 0.63 0.33 0.528 0.71 0.23 0.7 
8 0.31 0.528 0.69 0.37 0.564 0.73 0.26 0.8 
9 0.32 0.588 0.73 0.41 0.588 0.75 0.31 0.9 
10 0.36 0.636 0.75 0.46 0.648 0.77 0.46 1 
11 0.4 0.672 0.77 0.47 0.696 0.79 0.55 1.05 
12 0.44 0.732 0.78 0.55 0.756 0.81 0.59 1.08 
13 0.51 0.78 0.79 0.59 0.816 0.83 0.65 1.1 
14 0.55 0.84 0.8 0.65 0.888 0.85 0.74 1.12 
15 0.6 0.924 0.81 0.7 0.948 0.88 0.82 1.14 
16 0.65 0.996 0.82 0.75 1.02 0.92 0.92 1.16 
17 0.71 1.032 0.83 0.82  0.95 0.99 1.2 
18 0.76  0.84 0.89  0.98  
19 0.81  0.85 0.96  1 
20 0.86  0.86  




Separation = 35cm 
time Test 1   Test 2  Test 3  
XP Xf Vp XP Xf Vp XP Vp 
0 0.04 0.156 0.668 0.01 0.156 0.1667 0.02 0.3334 
1 0.08 0.228 0.668 0.04 0.264 0.5001 0.03 0.4 
2 0.11 0.276 0.501 0.07 0.324 0.5001 0.09 0.5 
3 0.15 0.324 0.668 0.12 0.36 0.6 0.13 0.6668 
4 0.17 0.372 0.334 0.14 0.384 0.5 0.16 0.7 
5 0.2 0.42 0.501 0.17 0.42 0.5001 0.21 0.7 
6 0.25 0.468 0.5 0.22 0.468 0.7 0.27 0.8 
7 0.27 0.492 0.4 0.24 0.492 0.49 0.3 0.8 
8 0.28 0.54 0.4 0.27 0.54 0.5001 0.36 0.8 
9 0.31 0.576 0.501 0.3 0.588 0.5001 0.41 0.8335 
10 0.35 0.6 0.668 0.31 0.624 0.6 0.45 0.84 
11 0.4 0.636 0.7 0.38 0.648 0.6 0.49 0.84 
12 0.43 0.696 0.6 0.41 0.696 0.7 0.54 0.8335 
13 0.47 0.732 0.668 0.47 0.744 0.8 0.58 0.9 
14 0.51 0.756 0.668 0.52 0.816 0.8335 0.66 1 
15 0.57 0.804 0.9 0.58 0.888 1.0002 0.74 1.1 
16 0.57 0.864 0.9 0.63 0.948 0.8335 0.81 1.2 
17 0.62 0.924 0.835 0.64 0.972 0.6 0.88 1.1669 
18 0.65 0.972 0.7 0.71 1.032 0.6 0.93 1.2 
19 0.71 1.032 0.8 0.75  0.6668 0.98 1.1 
20 0.77  1.002 0.8  0.8335  
21 0.82  0.835 0.9  1  
22 0.84  1 0.96  1.2  
23 0.92  1  
24 0.97  0.835  
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ABSTRACT 
The Cone Calorimeter is an apparatus capable of providing quantitative data which are 
relevant to the response of combustible materials to fire conditions. Several fire models 
have been developed to use such data to predict various aspects of fire behaviour. This 
paper considers how these data are used to model upward spread of flame on flat vertical 
surfaces and proposes that a modified test procedure may be more appropriate. 
Keywords: upward flame spread modelling, Cone Calorimeter 
Nomenclature 
Al-Ic 	heat of combustion (kW/m 2) 
K constant 
th
M 	 mass loss rate (g/m 2 . s) 
n constant 
rate of heat release per unit width (kW/m 2 ) 
Q 	rate of heat release (kW/M2) 
Qmaximum value of the RHR from the Cone Calorimeter (kW/m 2 ) max 
t time (s) 
tp dummy variable of integral 
V(t) flame spread rate (mmls) 
burnout front height (m) 
flame height (m) 
X11  pyrolysis front height (m) 
delay coefficient 
ignition delay time (s) 
":6 burnout time (s) 
LINTRODUCTION 
Fire Safety Engineers are responsible for ensuring that buildings will be "safe" in the 
event of fire. In this context, "safe" implies primarily that the occupants will be able 
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escape unaided and unharmed. To achieve this, it is necessary to be able to select 
materials which will not contribute to rapid fire spread. Combustible wall linings are 
particularly important as their configuration is ideal for rapid spread of fire. 
Conventionally, wall lining materials are selected using existing standard test methods, 
but not only are these inflexible but they do not provide engineering data which the Fire 
Safety Engineer can use to satisfy himself that the material will be "safe" in a particular 
end-use scenario. 
The Cone Calorimeter [1] can provide such data, but there is still considerable debate on 
how it can best be used. Data have been used to model the response of wall lining 
materials in the Nordtest Apparatus [2], and to predict the rate of upward flame spread on 
vertical surfaces. However, insufficient attention seems to have been paid to the 
relevance of the test scenario of these models. The Cone Calorimeter allows the time to 
ignition and the rate of heat release to he measured under a range of heat fluxes. Several 
suggestions have been made about how such data may be used for materials selection, but 
none has yet been accepted. One school of thought is that the data cannot be used simply 
to provide arbitrary ranking orders, but should be used in conjunction with flame spread 
models to assess the likely fire growth rate that could occur in the end-use scenario. The 
existing upward flame spread models provide a starting point for the development of a 
proper "engineering tool". 
2.MODELLING UPWARD FLAME SPREAD 
2.1 The Upward Flame Spread Phenomenon 
Vertical flame spread on a combustible wall is rapid because buoyancy-induced boundary 
layer flow is created by the burning gases: the process is illustrated in Fig. I. The wall is 
undergoing pyrolysis (burning) in the region (X,,-Xj,), while the surface ahead of (above) 
the burning zone is exposed directly to heat transfer from the flame in the region (XrX 1,). 
X I,, X1, and X1 represent the distances of the burnout front, the pyrolysis front and the 
flame tip from the foot of the "wall". The surface in the region (X 1-X) is heated 
progressively and when the surface achieves its ignition temperature [3] the leading edge 
of the pyrolysis zone will advance (i.e. the flame propagates). This is the mechanism of 
flame spread. Clearly, heat transfer in the region (XrX)  plays a crucial role [4]. 
Two upward flame spread models [5, 6] which use data from the Cone Calorimeter to 
predict full-scale fire behaviour are reviewed and discussed here. 
2.2 Karlsson's Model 
Karlsson [5] combined the thermal theory of concurrent flame spread developed by Saito, 
Quintiere and Williams (SQW) [7] with empirical flame height correlations and test data 
from the Cone Calorimeter to produce an approximate method for predicting fire growth 
in a corner configuration. Full details can be found in [5],  but the assumptions are as 
follows: 
The material is thermally thick, homogeneous and its thermal properties are constant 
with temperature. 
Chemical kinetics is excluded. 
The flame length, X, depends on a power of Q', the rate of convective heat release 
per unit width of flame front. 
Within the region X J) < X <X,, the heat flux from the flame is constant. 
He obtained the following expression for the upward flame velocity (an integral equation 
of the Volterra type (second kind)): 
v) = i[K{X2'(t)+cø(1 _t'(tjit _(x 0 +fv(r it, )] 	(1) 
where V(t) is the flame spread rate, r is the ignition delay time, X,,, is the height of the 
initial burning region, K and n are constants, t is time, i, is the dummy variable of 
integration and 	t) is the rate of heat release (RHR) from the burning material 
expressed mathematically as 
= Qax exp(— At) 	 (2) 
where Q 	is the maximum value of the RHR from the Cone Calorimeter test at a heat 
flux at 20kW/rn 2, and A. is the decay coefficient determined empirically from the RHR 
data. Karisson used Equation (1) as the basis for calculating the rate of heat release in the 
room-corner test. There was very satisfactory agreement between predicted and 
measured values. 
2.3 Grant and Drysdale's Model 
In Karisson's model, burnout at the rear of the pyrolysis region is not considered. Grant 
and Drysdale [6] developed the model further not only to include burnout but also to 
allow the heat release rate data from the Cone Calorimeter to be used directly as input. 
without using the approximate form as given in Equation (2). This resolves the problem 
which arises if the RHR can not be approximated by the equation which assumed that the 
RHR reaches its maximum value as soon as the sample is ignited, then decreases with a 
decay coefficient X. 
Before burnout occurs, the expression for the flame spread rate is given in Equation (I), 
but after burnout occurs, the velocity becomes, 
v(t)= 1[Kft' 	 (3) 
where 're, is the burnout time. The constants n and K of Equation (I) and (3) are taken as 
2/3 and 0.0666, following the flame height correlation of Tu and Quintiere [8].  In the 
original application of Grant and Drysdale's model [8], the standard Cone Calorimeter 
test procedure was used was used with a heat flux of 20 kW/m 2 . Very satisfactory results 
were obtained for the rate of upward flame spread on vertical samples of cardboard. 
However, when the model was applied to samples of PMMA, the rate of flame spread 
was greatly overpredicted [9]. A possible reason for this is that the RFIR data from the 
Cone Calorimeter are obtained under a constant imposed heat flux, selected to model the 
heat flux to the surface ahead of the burning zone. Once burning, the process is self-
sustaining and the rate of burning (hence the RHR) is controlled by heat transfer from the 
flames at the burning surface. No additional heat input is present. The flame spread 
model still requires data on the time to ignition under an imposed heat flux which models 
that from the flame in the region (X - X 1,), but after ignition occurs the RHR in the 
absence of an imposed heat flux should be used. The schematic of the roles of heat 
feedback from the flame and the cone heater is presented in Fig.2. 
To test this hypothesis, appropriate data have been obtained using the Cone Calorimeter 
in an unconventional manner. The ignition delay is first determined, but then the cone 
heater is moved immediately after ignition has occurred, leaving the sample to burn 
without any supplementary heating. The heater is required only to simulate the heat flux 
from the flame to the surface in the region (X - X e). 
3. EXPERIMENTAL WORK 
3.1 Standard Cone Calorimeter Tests 
Details of the apparatus, the instrumentation and the standard test procedure for the Cone 
Calorimeter are given in [1]. A 10 cm square specimen is exposed to a selected radiant 
flux and the vapours ignited by means of a spark ignition source. The time to ignition is 
determined and the heat release rate measured by utilising the oxygen consumption 
principle. This is normalised to unit surface area, giving Q" kW/m 2, the main parameter 
used in the model. For this upward flame spread study, specimens are tested in the 
vertical orientation. The only other variation from the standard procedure was the 
backing material used. The sample was held against a 3 mm thick mild steel plate: steel 
plate of this thickness supported the tall vertical samples on which the rate of upward 
flame spread was determined. 
The heat feedback from the flame to the unburned area in the region (X1 - X,,) is assumed 
to be constant. In a complementary study [9], this was determined in a series of 
experiments in which a heat flux meter was mounted flush with the surface of a vertical 
sample of PMMA, close to the upper edge. This allowed the heat flux from the flame to 
the unburned zone to be measured as the flame spread upwards. It was found to increase 
from 6 kW/m 2 near the flame tip to 29 kW/m 2 at the leading edge of the burning zone 
(Fig.3). This is consistent with measurements made by others [10,11]. A value of 15 
kW/m2 was chosen to represent the average flux for flame spread in the region ()( 1 - X,,) 
for vertical samples of PMMA [9].  This is significantly lower than the values taken by 
Grant & Drysdale [6], Hasemi [12], Mowrer and Williamson [13] and Kokkala et 
al.[14]. 
3.2 The Modified Procedure using the Cone Calorimeter 
The relevant data were obtained by moving the cone heater away from the sample 
immediately after ignition. Ideally, it should be removed completely, but this is not 
possible within the standard equipment. Instead, it was moved upwards into a position in 
which the lowest edge of the heater was 2.5 cm above the top edge of the sample. In 
separate experiments the residual radiant flux to the surface was found to be 0.3-0.6 
kW/m 2 when the power of the heater was set to give 30 kW/m 2 . To a first approximation, 
it is assumed that the "residual" radiation can he neglected, particularly when the heater 
is operating at a lower power (15 kW/m 2 at the sample surface). 
3.3 Experimental Measurement of the Rate of Upward Flame Spread 
A schematic of the experimental set-up is shown in Fig.4. Vertical samples of PMMA 
(115 cm x 7.5 cm x 6mm thick) were held against a 3 mm thick plate. To obtain one-
dimensional flame spread, the vertical edges of the PMMA were protected by strips of 
mild steel. A 1 cm high strip was ignited at the foot of the sample means of a hand-held 
blowtorch and the rate of upward flame spread was determined by analysing infra-red 
videorecordings of each experiment. The accompanying software allowed the pyrolysis 
front to be tracked as the 300 °C contour as it advanced upwards. 
4. RESULTS AND DISCUSSION 
Typical data on the transient rate of heat release of PMMA samples exposed to 15 kW/m 2 
in the standard and "modified" tests are shown in Fig.5. The time to ignition was almost 
identical in the two tests (480 and 475 s). As expected, the peak rate of heat release 
observed with the modified procedure is significantly lower than that obtained with the 
standard procedure. The difference in the duration of burning should also be noted. 
The comparison between the experimental results and the flame spread rates predicted 
from Equations (I) and (3) are shown in Fig 6. It is clear that the result obtained from the 
model with the RHR data from the modified procedure is in much better agreement with 
experiment. The early rate of spread appears to be underpredicted, but it is likely that the 
additional heat provided by the ignition source would affect the early stages of flame 
spread. This would give a higher initial RHR at the beginning of each experiment. 
Given this result, it is surprising that Grant and Drysdale [6] obtained such good 
agreement for upward flame spread on cardboard when the standard procedure was used 
to obtain RHR data in the Cone Calorimeter. Using the same model, Anderson and 
McKeever [15] found good agreement for hardboard, plywood and wallpaper-covered 
wood surfaces, albeit with a much higher irradiance from the cone heater (35 kW/m 2 ) 
[ 1 5]. The reason may lie in the sensitivity of the rate of heat release to external radiation. 
Brehob and Kulkarni observed that mass loss rates from different materials in the vertical 
orientation exhibit different sensitivities to external radiation when burning [16]. 
Assuming  that the heat of combustion remains constant during the burning process, mass 
loss rate is directly proportional to the rate of heat release (Equation (4)) and similar 
sensitivities would be expected from measurements made in the Cone Calorimeter. 
RHR=mAH, 	 (4) 
For 6mm thick PMMA (see Fig. 5), the rates of heat release differ markedly in the 
presence and absence of supporting radiation. Similar results for 2.5mm thick cardboard 
are shown in Fig.7: there is no significant difference in the RHR curves with and without 
an imposed heat flux of 15 kW/m 2 . Consequently, there is no difference in the predicted 
rates of upward flame spread on cardboard (Fig. 8). 
Clearly it is necessary to use relevant RHR data to be able to apply the model for upward 
flame spread. For this reason it may be possible to model upward flame spread in 
alternate scenarios where there is an imposed heat flux. The corner wall configuration 
falls into the category, in which cross radiation from the adjacent surface enhances the 
rate of fire development. Karlsson [5] developed his model to predict the development of 
the rate of heat release in the Nordtest apparatus, using cone data at 20 kW/m 2 . This 
appears to have compensated for the cross radiation effect. 
5. CONCLUSION 
This paper describes how a modification to the standard procedure for the Cone 
Calorimeter can provide quantitative data which can be used to model upward flame 
spread on single vertical sheets of PMMA. The result provides a greater insight into the 
way in which the test may be used as the basis for the selection of materials for use as 
wall linings. 
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Fig. 6 The comparison of the experimental measurement of the flame spread rate of 6mm 
thick PMMA slabs and the prediction from Grant and Drysdale's model with the standard 
and non-standard test procedures. 
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Fig.7 The rate of heat release of 2.5mm thick cardboard from the Cone Calorimeter with 
the standard and non-standard test procedures. (The irradiance of the cone heater: 
20kW/rn2 ) 
Fig.8 Upward flame spread rate of 2.5mm thick cardboard predicted by Grant and 
Drysdale's model with the standard and non-standard Cone Calorimeter test procedures. 
(The two predictions using the standard and non-standard procedures overlap.) 
Second Joint Meeting of the US Sections of the Combustion Institute, Oakland, CA, March 25-28, 
2001 
Paper No. 155 
The Early Stages of the Development of Wall Fires 
Kuang-Chung Tsai and Dougal Drysdale 
Fire Safety Engineering Group. School of Civil and Environmental Engineering 
University of Edinburgh, Edinburgh, Scotland, UK 
ABSTRACT 
Previous work has demonstrated that the flame height of a wall lire is one of the two 
most important parameters which determine the rate of vertical spread. Models of 
vertical flame spread rely on empirical flame height correlations which have the form 
X, = KQ', but these are based on simulations of wall fires using line burners, and 
estimates of the rate of heat release from fires on vertical surfaces. There have been no 
carefully controlled experiments designed to establish the validity of these correlations 
and data do not exist for values of Q' <c.25 kW/m, 
This paper describes the first part of an experimental programme designed to examine 
the flame height correlation by direct, systematic and simultaneous measurement of Q' 
and X. from real wall fires. The focus here is on the earliest stages of a wall fire in 
which Q' <30 kW/m. PMMA slabs, 6 mm thick, with heights ranging from 2.5 to 25 
cm and widths from 5 to 15 cm were used to study the effect of the aspect ratio 
(width/height) of the burning area as well as the lower edge boundary configuration. 
Four configurations were examined. 
The experimental data suggest that the flame height correlates with Q* ', but there are 
differences between the four lower edge boundary configurations. There does not 
appear to be any significant dependence on the aspect ratio of the burning surface, but 
at these low values of Q', the flame height is more sensitive to Q' than observed for 
the larger heat release rates. 
NOMENCLATURE 
Cp 	specific heat of ambient air 
D characteristic length 
g 	gravity acceleration 
K empirical constant 
L 	flame height (of line fires) 
in ' the rate of supply of fuel (per unit width of burner) (kg/m.$) 
th" 	the rate of supply of fuel (kg/m 2 .$) 
n constant 
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rate of heat release per unit width (kW/m) 
Q" 	rate of heat release per unit area (kW/m 2 ) 
dimensionless parameter Q Q/p,, C ,g W 2D 2 
To 	temperature of ambient air 
w width of solid fuel (m) 
X,, 	burnout height (m) 
X f 	flame height (m) 
X 	pyrolysis height (m) 
p 	density of ambient air 
Y constant 
AH heat of combustion (kJ/kg) 
INTRODUCTION 
Flame is the luminous portion of the volume within which combustion is occurring. 
Thus flame height could be inferred as the vertical visible extent of the gas phase 
burning process. For a wall fire (flame spreading upwards), flame height has been 
shown to be one of the two most important parameters driving the rate of upward 
spread [I], the other being the heat transfer to the unburned surface ahead of the 
burning zone. Several models [2-9] have combined these parameters to assess the risk 
of fire growth on vertical surfaces. However, the reliability of these models depends on 
the accuracy of the flame height correlation. 
PREVIOUS THEORETICAL AND EXPERIMENTAL INVESTIGATIONS 
Figure 1 is a schematic diagram of a developing wall fire. The solid fuel is pyrolyzing 
in the region (x,, - x h ) and the flame tips reach X 1 . The region Xh  corresponds to 
the burnt out zone. Where burning is established, fuel vapours are released from the 
surface and enter the flame which is confined to the buoyancy-induced boundary layer. 
Heat is transferred to the surface above the pyrolysis region, progressively raising its 
temperature to the firepoint, allowing the flame to advance upwards. 
Based on these observations, several theoretical analyses [1.10,11] have led to a 
correlation of the flame height for wall fires. Quintiere et al. [10] assumed that a flame 
extends until the fuel is completely consumed. Delichatsios [I] postulated that flame 
heights in buoyant diffusion flames (laminar or turbulent) are essentially independent of 
the stoichiometry and depend only on total heat release rate. This hypothesis was later 
supported by the derivation of flame height expressions from experimental results and 
physical arguments of buoyancy, heat transfer, mass flow rate, etc. [I]. Aeklund [11] 
established a two-dimensional vortex model by demonstrating flame as a region of 
intense vorticity generation, which is capable of predicting the flame height. All of 
these studies concluded that the flame height is proportional to the rate of heat release 
per unit width in a two-thirds power law (n2/3 in Equation I). 
X 1 =KQ" 	 (I) 
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where X 1 is the height of flame, K and n are constants and Q' is the rate of heat 
release (RHR) per unit width from vertical burning solids. 
Several experimental investigations [2,10,12-15] using different experimental rigs have 
also been carried out to analyse the flame height phenomenon. A comparison of these 
experiments is given in Table 1, showing the type of fire (linear burner or wall fire; 
whether steady or spreading fires, laminar or turbulent), the geometric configuration 
and whether or not sidewalls were present. These experiments can be classified into 
two types: (1) linear fires produced by line burners against a wall, and (2) vertical 
burning fuels in which the rate of mass loss was measured and the heat of combustion 
assumed to be constant. 
(I) Linear fires produced by line burners against a wall 
Porous line burners against isothermal and thermally thin walls were used in studies by 
Hasemi [12] and Sugawa et al. [13] to simulate the wall fires. In Hasemi's study [12], 
sidewalls were present to help maintain two-dimensional flow. Sidewalls are not 
mentioned in Sugawa's study [13].  By changing the rate of supply of gaseous fuel, 
different rates of heat release were simulated. The corresponding heights of the flame 
tips were recorded by video camera. The rate of heat release (RHR) per unit width was 
calculated from Equation 2. 
(2) 
where ih' is the rate of supply of fuel (per unit width of burner) (kg/m.$) and AH is its 
heat of combustion (kJ/kg). 
A dimensionless parameter ' 	 C, g V 2 D 3I 2 was found to determine the flame 




where L. is the flame height, D is a characteristic length and y is a constant. In 
Hasemi's study [12], for Q ~!1, n = 2/3 and y =6.0. For Q <I, n=0.8. In Sugawa's 
study [13], n was confirmed experimentally to he 2/3 in the range 5< Q,' <20. 
Hasemi's data [12] with natural gas and other gaseous fuels were interpreted by Tu and 
Quintiere [14]: the results are plotted in Figure 2 and show the following correlation: 
X1 = 0032Q'°•76 	 (4) 
The r2 value is 0.89. The value of n is appreciably greater than the expected value of 
2/3 derived from theoretical analyses. 
(2) Vertical burning fuels, assuming a constant heat of combustion 
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Flame height measurements on 28.4 cm square samples of burning materials in a 
vertical orientation were made by Quintiere et al. [10]. A pilot ignition flame was 
placed at the base and sidewalls were provided to prevent lateral air entrainment. By 
exposing the samples to different levels of external radiation, various solid fuel burning 
rates could be simulated. Once steady burning had been achieved, the flame height was 
measured. Assuming a constant heat of combustion, RHR per unit width was 
calculated by following Equation (5). 
(5) 
where Q" is the RUR per unit surface area. Their data followed the 2/3 power law (see 
Equation I) although there was considerable scatter. Tu and Quintiere [14] modified 
the experimental rig to allow the measurement of transient mass loss rate and the 
corresponding flame height for both charring and non-charring materials (PMMA and 
wood; 28.5 cm wide and 29.5 cm high). Using Equation 6,and then Equation 5, 
Q"=m'AH 	 (6) 
the flame height correlation was found to obey the 2/3 power law, but the value of K 
was higher than for the results obtained from line fires against a wall [14]. Figure 3 
compares the data from references [10] and [14]. The best fit still follows Equation 1 
with a correlation coefficient of 0.79, but with n = 0.58. 
X 1 = 0.09Q'°58 	 (7) 
Orloff et al. [15] and Saito et al. (SQW) [2] also measured flame heights but used 
PMMA sheets up to 150 cm. In both of these studies, line burners were adopted to 
ignite the lowest edge of samples, but sidewalls were only used by Orloff et al. [15]. 
One significant difference from the earlier work was the presence of a floor which 
would have altered the mode of air entrainment at the base of the "wall". The flame 
height of the spreading flame was correlated in SQW's study [2] by calculating the 
RHR per unit width from the estimated fuel supply rate and heat of combustion 
(Equation 6 and then 5). The flame height correlation obeyed Equation 1, but with a 
higher value of n than that obtained from steady burning experiments [10]. This can 
been seen in Figure 4 which compares all of the above correlations [2, 10, 15] and 
Delichatsios' analysis [1]. The higher power may be a result of the higher pyrolysis 
rates achieved in the upper part of the pyrolysing fuel during the spreading process 
[2,15]. It was also noted that the presence of sidewalls increased the length of the 
flames because two-dimensional flow patterns were maintained [2]. 
Although the flame height correlations of the line fires [12,13] and the wall fires 
[2,10,14,15] seem to be similar and agree with Equation I, the behaviour of the flames 
is different. The linear flame experiments cannot simulate real wall fires. Even when 
"real wall fires" are involved [2, 10, 141, the assumption that the heat of combustion 
remains constant may not be realistic. There is a need to measure the RHR directly 
during the experiments. 
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Consequently, there is still uncertainty in the validity of the correlation. Equation 1 
suggests that the flame height is related only to Q', and no other factors are considered. 
In particular, there is no information on the effect of the aspect ratio (height/width) of 
the burning area. It is known that the rate of upward spread increases with the width of 
the burning material. This may be explained in terms of increased radiative heat 
transfer [161, but equally the flame height may be increased. The effect of different 
geometric configurations at the base of the "wall" (for example, with and without a 
contiguous floor) has not been considered either. As this will influence the air 
entrainment pattern at the base of the wall, it may also have an effect of flame height. 
An experimental rig was designed to provide data which would help resolve the effects 
of the aspect ratio (height/width) and air entrainment at the early stages of the 
development of wall fires. 
EXPERIMENTAL WORK 
The experimental rig is shown in Figure 5 in schematic form. It was designed to hold 
vertical samples of combustible material at the lower edge of (and in the same plane as) 
a 60 cm high inert board. The sample was mounted on a 3 mm thick steel plate: in 
addition to preventing flame spreading up the back of the sample, it kept the rear face 
relatively cool and prevented distortion and slumping which would otherwise have 
occurred. The vertical edges of the sample were protected by 3 mm thick mild steel 
strips designed to hold the sample against the backing plate and help prevent lateral air 
entrainment along the burning sample. The rig was located below the hood of a Cone 
Calorimeter, thus allowing the rate of heat release from the burning sample to be 
measured directly. A hand-held butane-fuelled torch was used to ignite the surface of 
each sample uniformly. The inert wall was marked with a scale and a Video 
Camcorder was used to record each experiment. 'The flame height was determined 
subsequently by visual examination of the videorecordings which were then matched to 
the corresponding heat release rites. 
The combustible material used was PMMA, as 6 mm thick slabs with heights ranging 
from 2.5 to 25 cm and widths of 4, 8 and 12 cm to simulate the early stages of vertical 
burning and to allow the effects of different aspect ratios to be studied. By using 
sample heights tip to 25 cm, the laminar, transition and turbulent burning regimes could 
be observed, as noted by Orloff et al. in their PMMA experiments [15]. 
Modifications could be made to allow four different geometric configurations to be 
studied (see Fig.6 (A)-(D)). In three cases, the burning area was at the foot of the 
"wall". With Case A, there was a contiguous floor, but this was absent in Cases B and 
C. In Case B, the bottom edge was unprotected while in Case C the bottom edge was 
protected by a steel strip. In the fourth configuration (Case D), the sample represented 
a central burning area on an extended wall. 
RESULTS AND DISCUSSION 
Figure 7 shows the RHR history for a burning PMMA sample, 8cm wide, 10cm high 
and 6mm thick in the configuration corresponding to Case A (with a contiguous floor). 
The ignition process took approximately 100 s and was followed by a period of 
unsteady burning (from lOOs to 350s) during which the RI-JR increased to a steady peak 
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value (corresponding to 150 kW/m2 in this case) before burnout started (after 500s). 
The height of the flame during steady burning was determined (100-350s in Figure 7). 
The heights of the continuous flame and the flame tip were observed, but the flame 
height was recorded as the average of the visible flame height. 
The effect of aspect ratio (R = height/width) on the correlation is shown in Figure 8 for 
Cases A and D. These represent the very different geometries and indicate that the 
effect of R is negligible for Q'< 30 kW/m 2 within the range of values of R used 
(0.3125 to 2.5). The same result is found for Cases B and C. 
In Figures 9a and 9b, the dependence of X 1 on Q' for all four geometries is shown as 
normal and logarithmic plots. When Q' is less than c.10 kW/m, the data for all four 
configurations fall on the same line, but above c. 10 kW/m, the data become scattered 
and systematic differences in the four series of flame height correlations can be 
observed. 
For Case A (a burning wall with a contiguous floor), 
X1 = 0.0 16&1.07 	 (8) 
For Case B (a burning wall with no floor and no protection of the bottom edge), 
Xf =0.018&j
.00 	 (9) 
For Case C (a burning wall with no floor but with the bottom edged protected) 
X =0.023Q'°9 	 (10) 
For Case D (a burning wall with an extended plate), 
X f =0.OlIQ"25 	 (11) 
The r2 values for these four cases (Equations 8 - II) are 0.931, 0.968, 0.987 and 0.963 
respectively, and the values of n are close to unity. In addition, it can be seen that the 
burning walls set in an extended plate (Case D) produce the tallest flames. While 
further work would be required to explain this observation, it seems likely that it is a 
consequence of the fact that the burning area is part of a larger flat surface. The Case D 
flames may be less turbulent than those observed for Cases A, B and C. In general, 
turbulence tends to reduce the height of a diffusion flame, but the Case A flames are of 
similar height to the Case D flames, both being higher than Cases B and C (Figure 9a). 
Clearly, the effect of the lower edge boundary conditions needs to be studied in greater 
detail. The best fit line encompassing the data from all four Cases is included in Figure 
4. This shows that the flame height is more sensitive to Q' than predicted by Equation 
6 in this range of values of Q', but that Equation 6 will overpredict the height of the 
flames when 0'< 25 kW/m. 
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The steady values of Q' obtained for the different geometric configurations are listed 
in Table 2a and plotted in Fig. 10. Samples with a lower-edge protection (Case C) 
produced the lowest values of Q' while Case B samples produced the highest. It seems 
likely that the increased burning area due to the involvement of the lower edge would 
account for this observation. When PMMA samples burned with a contiguous floor 
(Case A), the lowest 10 mm of the flame was blue in colour, suggestive of a well-mixed 
region producing "premixed-like" burning. This may have caused higher local heat 
transfer and thus a higher local rate of burning, consequently producing a higher value 
of '. This is consistent with observations made by Foley and Drysdale [16] on the 
effect of a "floor" on the rate of heat transfer to a vertical wall exposed to a line burner. 
In Table 2b, the steady-state rate of burning (expressed as a mass flux. th"gIm 2 .$) of 
PMMA slabs of different heights are compared for these four configurations 	The 
mass fluxes were calculated from the steady state values Q', assuming the heat of 
combustion of PMMA to be constant at 24.89 kJ/g [16]. The burning rate is found to 
decrease as the height of the burning sample increases. This is consistent with the 
study carried out by Orloff et al. [18] on the burning of thick vertical slabs of PMMA, 
0.91 m wide and ~ 1.5 m high. Their configuration corresponded to Case A. They also 
found that the rate of burning decreased with height over the first 20 cm from the 
bottom edge although the decrease was not so pronounced (about 15%). 
Clearly, the lower edge configuration has a significant effect on the flame height 
correlation. More work is required to obtain a fuller understanding of this behaviour, 
but it seems likely that the pattern of air entrainment is an important factor. 
CONCLUSION 
The flame height correlation of wall fires on their early stages of development (Q' < 
30kW/rn) under different geometric configurations has been shown to conform to a 
correlation of the form of Equation I and be independent of the aspect ratio of the 
burning surface in the range of parameters studied. For the first time, rates of heat 
release and flame heights were measured directly in the same experiments. The 
correlation was found to depend on the lower edge configuration. Data for Q' > 30 
kW/m need to be obtained to investigate the correlation for fully developed turbulent 
wall flames. The limited space within the test section of the Cone Calorimeter 
prevented such measurements being carried out in this part of the project. 
The configurations which have been studied represent four possible scenarios that may 
exist during the early stage of fire development on a wall. The correlations were 
derived from steady flames although a flame height correlation for a spreading wall fire 
would be closer to the real situation. It is hoped that this study will lead to a better 
understanding and provide more robust correlations for modelling upward flame 
spread. 
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Investigator(s) Line or Geometric Laminar Spreading Sidewall Method 
wall fire configuration or or steady used to 
turbulent flame obtain 
Hasemi [121 line fires without floor - steady yes L%Hc(E) 
but with a line m' (C) 
burner below (Eqn.2) 
burning slabs 
Sugawa et al line fires with floor - steady no AHc(E) 
[13] ,n'(C) 
(Eqn.2) 
Quintiere et al wall fires without floor turbulent Spreading yes Q- (E) 




Tu and wall fires without floor turbulent spreading yes 4Hc(E) 
Quintiere [14] but with a line M" (M) 
burner below (Eqn.6) 
burning slabs 
SQW [2] wall fires with floor turbulent spreading no LIJk(E) 
(E) 
(Egn.6) 




Table I Flame situations (line or wall fires; steady or spreading flames; laminar or 
turbulent), geometric configuration and sidewall effects of previous experimental set-
ups on flame height correlations. 
(*) The flame produced was spreading but measurements were carried out as it became 
steady. 
(**) (E): estimated, (C): controlled (gas flow), (M) measured 
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with a floor 
(Case B) 
without a floor and 
an extended plate 
(Case C) 





2.5 4.59 ± 0.31 5.81 ± 0.71 4.57 ± 0.42 
5 8.41 ± 0.44 10.30 ± 0.26 7.58 ± 0.62 9.28 ± 0.08 
10 16.92±2.14 18.52± 1.27 11.00±0.68 13.78± 1.48 
15 14.38 ± 0.28 16.08±1.07 14.66 ± 1.27 14.68 ± 1.60 
20 19.19 17.40 ±0.32 18.13 
25 21.43±1.43 24.92 21.44±0.86 
Mass loss rate rn" (g/m 2 s) 
(with assumption of the Hc of PMMA: 24.89 kJ/g) 
2.5 7.38 9.34 7.34 
5 6.76 8.28 6.09 7.46 
10 6.80 7.44 4.42 5.54 
15 3.85 4.31 3.93 3.93 
20 3.85 3.50 3.64 
25 3.44 4.01 3.45 
Table 2 (a) and (b) The steady RHR per unit width and mass loss rate of 6mm thick, 
8cm wide PMMA samples with different geometric configurations. 









Fig.1 Upward flame spreading 
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Fig.2 Previous flame height correlations carried out with gas burner line fires by 
Hasemi [3], SQW [2] and Kulkarni (SQW and Kulkarni's data were interpreted from 
Tu and Quintiere's study [14]). 
previous flare height cotielations (vertical burning slabs) 
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Fig.3 Previous flame height. correlations carried out with burning solid fuels by Tu and 
Quintiere [14], Quintiere et al (QHH) [10] and Harkleroad (interpreted from [141) 
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The comparison of previous flame height correlations and that in this stuxly 
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Fig.4 The comparison of previous flame height correlations of spreading fire (wood, 
[2]), gas burner line fires, vertical burning slabs, Delichatsios analysis (laminar and 
turbulent) [1] and measurement of this study (details see Fig.9). 
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Fig.5 The experimental rig inside the test chamber of the Cone Calorimeter 
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Fig.6 Four geometric configurations which influence the air entrainment 
patterns of wall fires: Case A: a burning wall with a contiguous floor, 
Case B: with no floor and no protection of the bottom edge, Case C: 
with no floor, but with the bottom edge protected and Case D: with an 
extended wall with a central burning area. ( : the direction of air 
entrainment) 
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Fig.7 The RHR history of a 6mm thick, 8cm wide and 10cm high burning PMMA 
sample with a contiguous floor. After the sample was ignited by a torch (after lOOs), a 
period of unsteady burning (from lOOs to 350s) was observed before a peak burning 
period (after 350s) and burnout started (around 500s). 
Second Joint Meeting of the US Sections of the Combustion Institute, Oakland, CA, March 25-28, 
2001 
Fig. 8(a) (Case A) 
th1i0d101 (QA) 
10 	 1001 




Fig.8(b) (Case D) 
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Fig.8 The effect of aspect ratio (height/width) of 6mm thick PMMA samples on the 
flame height correlation under geometric configurations of Case A and D (in Fig. 6). 
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Fig 9(a) and 9(b) The dependence of flame height on RHR per unit width in normal and 
logarithmic scale. 
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— a hanging wall 
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Fig. 10 The steady-state RHR per unit width of 8cm wide PMMA slabs with different 
heights under the four geometric configurations. 
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THE ROLE OF THE CONE CALORIMETER IN UPWARD FLAME SPREAD 
MODELLING 
Kuang-Chung Tsai and Dougal Drysdale 
Fire Safety Engineering Group, School of Civil and Environmental Engineering 
University of Edinburgh 
Edinburgh, Scotland 
ABSTRACT 
I Ii. 	'one (aloroneter is it standard apparatus capable of 
avidiiig quantitative data which are relevant to the response of 
combustible materials to lire conditions. Several fire models 
have been developed to use such data to predict various aspects 
of tile behaviour In this paper, a new, non-standard Cone 
Calorimeter test procedure capable of providing data for 
modelling upward spread of flame on vertical flat surfaces is 
described. In the standard Lest procedure, samples are exposed 
to a continuous (constant) radiant heat flux. In the non-standard 
procedure, the cone heater is removed immediately after the 
sample has ignited and the rate of heat release is then measured 
without any external radiant heating. For some materials - 
particularly pot ymethylmethaerylate (PMMA) - these conditions 
more closely resemble the conditions that develop during 
upward flame spread on flat surfaces in which the material 
above the burning area is exposed to convective and radiative 
heating from the flame, yet once ignited burning is self-
sustaining. Experimental data on the rate of upward flame 
spi'eail on samples of 6mm thick PMMA (I in high, and 0.075 m 
wide, with inert sidewalls) can he modelled more accurately 
using data obtained in this way. 
Keywords: ii ic safety engineering, upwind flame spend, 
l.t)iiij)iift'm mmumiletl iimfi_ (oiic (..ilornirctcr 
INTRODUCTION 
Foe Safety Engineers are responsible br eimsoii rig thai 
lmuiIiliri,, will he 'sate" in lIme event of time. In this Context, 
sate" Implies  primarily that the occupants will he able to escape 
immiamdect and unharmed, but to achieve ibis it may not he possible 
to rely on the existing regulations, simply because they are too 
inflexible and cannot he applied to buildings of modern design 
,llm(f construction. A merforniance-hased approach must he used 
which requires [Ile application of current knowledge of tire 
behaviour using tried and tested "engineering" models. A 
riiiiiiber of these are used by Fire Safety Engineers for the design 
of lire sakty systcols (e.g. sprinklers, smoke control etc.), but 
comnpfemrienmary methods are required for the selection of 
iil,iteimals 
Standard tests are still used which can only rank materials on 
.1mm .urhiirary scale 11-31. They cannot give the type of 
iitiaimtmtuiimve data that are necessary for Performance based 
design. New tests have been developed relatively recently 
which are capable of providing quantitative data, the most 
promising being the Cone Calorimeter 141. It allows the (title to  
ignition and the rate of heat release to he measured under a 
range of heat fluxes. Several suggestions have been made about 
how such data may he used for ulaiclials selection (ce 151), hum 
none has yet been accepted. I fowever, there Is now good 
evidence tIm itt the data can he used in conjunction Willi ii l)Wi 1 Rl 
flame spread models it) predict the rate of spread on combustible 
wall linings, commonly recognised as one of the most hazardous 
lire scenarios. Such models may prove to be it suitable basis by 
which data from the Cone Calorimeter could he used for the 
purpose of material selection and for carrying out risk 
assessments. This paper will examine this hypothesis further. 
UPWARD FLAME SPREAD AND ITS 
MODELLING 
Upward Flame Spread Phenomenon 
Vertical flame spread on a wall is rapid because it buoyancy-
induced boundary layer flow is created by the burning gases. 
The process is illustrated in Fig. I: the "wall" is undergoing 
pyrolysis (burning) in the region (X-X 1,) and the surface ahead 
ol the burning zone is exposed it) flame over the height (x,-X,,) 
Xi,, X 1 , and X 1 represent the heights s md ire burnout front, the 
pyrolysis front and the blame till brow the bottom edge of the 
"Willi". Heat transfer from the future to the suthice in the region 
(X ,X,) raises the temperature of the surface to its ignition point 
Ibi allowing tile burning region to advance. 'lids is the 
iriechtanisin of I lame spread. ('lciirfy. heat tniiumskr in the region 
(X-X,) plays it crucial role 171. In upward Ilaume spread, the 
direction of I lame spread and the blow of the hot, burning gases tic eormtcurrent, producing one of the most hazardous tire 
scenarios 161. 
Plume region 
Preheating tu reg tOil 
X 1 	 Pyrolysis region 
X I) --r- i 
Burnout  legion 
Fig. I Upward flame spreaditig 
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Katisson's Model 
Kai isson IS I combined the thermal theory of concurrent flame 
slncad developed by Saito, Quinticre and Williams (SQW) 191  
with empirical flame height correlations and test data from the 
iiic (a lint meter to produce an approximate nate method for 
iiedielitin tile ciowili in it coiner configuration. Full details can 
hr Itioiid Ili I KI. hut the asslittiptioris weic as tollows, 
I 	The iriaterirti is thermally thick homogeneous and its 
thermal p uperiles are constant with temperature. 
(2) Chemical kinetics is excluded. 
I 	I 
 
The flame Icriitii. X. depends on it hiuwc'i iii Q , - the total 
heat release line pci unit Width, 
14 	lIeu (lox 1 1 "In the  ILIIIIC occurs at ciiiisiaut flux only 
withitti the region X 1 ,< X < 
lIe 	milli;IIrkd 	It: 	I 	I'r'rlie 	sjtte -.,Iurr 	It 	iii: 	ii1w.ird 	birmc 
velocity i tn 	rnire;rnl r'duirunnn 	f 	lie V freoti rspe (second 
1,111d 
V(t)-- — fK{X 	Q"(t)+JQ(t - 1 (VU )di 
—(X 	+f V(1 )dt )J 	 (I) /Xl o 
where V(t) is the flume spread rate, t is the ignition delay time. 
X e,, is the initial burning region. K and n are constant, (is time, 
I li is the dummy variable of integration and 6 (t) is the rate of 
heat release (RHR) from the burning material expressed 
olaf heinrit meal I y as 
	
= (_ "unto, ' 	 (2) 
sshii'rc Q" 	is (lie mmiaxmmimrimmi value of the R Fl R floill the ('one 
('ihmurrimmeter test at it heal flux of 20 kW/rir. and A is the decay 
coehlrcrcnt. deterinimied enipimierilly 	file R1 1R data. 	IIy 
5()IVIfl1! t;qtrriiorr Ii) 	iti;tlyrti.illy. file 	tire 	ii (hattie spicini cant he 
( ,iauii ruin l)rysd.ile's Model 
In ihic K.rrlssruni iniririch. birrmmoumr iS 	liii e(liisideied Grain ira) 
I )r ysd;ihc 1101 developed die innidc'h I miriher not only to uiclrrdc 
Inoimoimi. mt mlstu to ilow (lie teat release rate driti front the 
oirc (ahorumietem -  to he used directly as input. without using the 
.mlmpmtuxirmmtift fonim its snveit lit Equation (2). this resolves the 
rmohlemn winch rinses it ihic RllR data caimirimi he rippioximated 
my lbs eqtiatioit winch assumed that the RIIR reaches its 
imixiumitimmi value as sotni as tile srriijile is ignited, 111cf, decreases 
Willi a decay coefficient A. 
Before burnout occurs, the expression for the flame spread rate 
IS taiveir by Equrrimori f IL hul alwi' burnout recurs, the vr.'h(reity 
T,. is the burnout (tine: The constants if and K of Equation (I 
and (3) are chosen to he 213 and 0.0666, which follow the flame 
height correlation of To and Qumimittere I I l. In the original 
application of Giant and Drysdale's model 1101. the standard 
Cone Calorimeter test procedure was used, and gave very 
sritmshrictumry results for samples of crirdhorurd, 
hE iwever. sv lien the model was applied to samples of PM M A 
i he title of Ii nine spread was greatly overpred meted [121. A 
jiossible reni.siumm liii ihins that [lie RIIR data froin the ('nile 
Crikmrtinetcr are ohiamrmed under a constant I inposed heat HUX,  
selected to model the ficilt iltmx to ihe surt ace ri/newt of tile 
burning zone. Once ho ini ng, the process is sell -sustailillig and 
the rate of hnmriitng (hence the RIIR) is controlled by heat 
tinder Irrutur Ire t1jinrN Ir ilic iur'irtrig surf';rna, No ,rdrhrtrrnunai 
lWill rimpirr is nuesnir, ri rrecess,rry. lIte hinunie .premd model still 
nequmres rl,ir,i oll tire trifle to rgrrirroni mmdci an iiirjuised livat ins 
winch models that ht'oin the tinmnie in the region X1 - X,) ,  but 
after ignition  occurs time R FIR in the absence of an imposed heat 
flux should he used. 
To test this hypohests, a modified procedure has been used 
with the Cone Calorimeter, moving the cone heater as tar away 
as possible immediately after ignition. The heater thus simulates 
the heat flux from the flame (X - X i,) for only the required 
period of time but does not "force" the subsequent rate of 
burning to any significant extent. 
EXPERIMENTAL WORK 
('one Calorimeter Tests 
Details of (he apparatus, the instrumentation and the standard 
test proccdiim'e for the Cone Calorimeter are given in 141. A 10 
cii) square specimen is exposed to it selected radiant flux and (lie 
vapours, ignited by means of it spark igtntiiumi source. 'l'hc line 
it) rgtotiorn rs hciei tuned arid 1 1 1C IlCill release arc ituenisured by 
Un using lie oxygen coiisrimimpi nut principle This is miormnilised 
to mmmi smirlricc;neri. en vi us Q '' k Wine. itne muir puree 
rrs;ih 	ill 	rlm 	nrrrshnl 	liii 	1111 ,i 	unpsvurd 	llimic 	sirs'rmd 	srnrd\-' 





full Ire rmnr(rrir;rr 	eCuism hc)nrc IhIrr(ruirr 	inn 	titer r'timirrsi 
V(1) 	I K{ J 	(f(i - / ( VU  
f 	V(i 	(di 
I' I 
I 	 (I 
I ,  r.  
(i) 	nitirpic fehtut'e ignition 	 (Ii') rifler iinntrriui 
2 'lIme sclretiiattc uI the roles oh the Imenit leccibrick 
imuil colic hietlet' 
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The heat feedback from the flame to the unburned area in the 
icriton (X - X 1 ,) is assumed to he constant. In these studies, a 
heat flux ntctcr was mounted near the top of the sample. flush 
with the surface, to measure the heat flux to the unburned .one. 
Ii increased from 5 kW/m 2 rear the flame tip to 30 kW/m 2 at the 
leading edge of the burning zone. A constant value of IS kW/m ,  
was chosen to represent the average flux for flame spread on 
vertical samples of PMMA till. This is significantly lower than 
tire values taken by Grant & Drysdale 11 01 and Hasemi 113]. 
A ourirhci of tests were carried OUL following the standard 
p' iceduic Iii the ('one ('.rlorrmeter. To obtain data which would 
test the hypothesis. experiments were carried out in which the 
curie heater was moved away immediately after ignition to 
srtriiilaic the ahscrici.' of an external radiant hiux. 
itic,iIle, the cirtie heater should be icuinved. but due to the 
Iirtiite(l space within the test chamber of the Cone Calorimeter, it 
crittl ci ott I y he moved into it position in which the lowest edge of' 
the curie heater was 2.5 cm above the level of the top edge of the 
sample. The residual radiant flux to the surface was measured in 
separate experiments and found to be only 0.1-0.6 kW/m 2 when 
the power of the heater was set to give 30 kW/m 2 . To a first 
approximation, it is assumed that the "residual" radiation can be 
neglected, particularly when the heater is operating at a lower 
power.  
Experimental Measurement of the Rate of Upward Flame 
Spread 
Vertical samples of PRIMA (115 cm x 7.5 cm x 6mm thick) 
were held against it 3 mm thick plate. To model one-
dimensional flame spread, the samples formed part of a wider 
''wall' of inert hoard (6 mm thick "Supalux") and the vertical 
edges of the PMMA were protected by strips of mild steel which 
overlapped inert hoard. A I cm high strip of the sample was 
sin tied at the loot of the sample and the rate of upward (lame 
spread was determined by analysing inlra-red videorecordings 
of each experiment. The accompanying software allowed the 
l'Y' If ys is I tout to he tracked as the 300°C contour as it advanced 
iii! 55 i t iii. 
RESULT AND DISCUSSION 
111,1 stir tire irinslenit isis' of heat release of PMMA samples 
' scsI to IS kW/iii -   iii the standard and modified tests are 
'.hnnrwii no Fig. 3. The time to rgnmn(notI was almost identical in the 
o tests 480 and 475 s) Tire peak rate of heat release in the 
modified. non-standat'd test is lower than that in the standard test 
hccause the heater had been moved in the non-standard Lest. 
The iii tci'encc in the duration of burning should also he noted. 
The comparison between the experimental results and the 
flame spread rates predicted front Equations (I) and (3) are 
shown iii Fig 4. It is clear that the result obtained from the 
model when the RHR data from the modified 'Cone Calorimeter 
test' is in much better agreement with the experimental result. 
The early rate of spread appears to he underpredicted, but it is 
likely that in the experiments the early stages of flame spread 
,tic affected by the additional heat provided from the ignition 
'ontiec (a gas torch). This would give it higher initial RHR at the 
licg nit i rig of each experiment,  
It is surprising that Grunt and Drysdale obtained good 
agreement for upward flame spread on cardboard when the 
standard procedure was used in the Cone Calorimeter to obtain 
RI-fR data 1101. Using the same model. Anderson and 
McKeever 1151 also found good agreement for hardhoard, 
plywood and wallpaper-covered wood surfaces, albeit with a 
much higher irradiance from the cone heater (35 kW/m) 1151 
The reason for this apparent anomaly for cardboard lies in the 
fact that there is little difference between the RHR data obtained 
by the standard and the modified ('one Calorimeter tests. This is 
shown for cardboard in Figure 5. The corresponding rates of 
upward spread according to Equations (I) and (3) are shown in 
Figure 6. 
linchob and Kulk.nnnni 1161 found that mass loss rates trout 
different materials inn the vertical ot teintation exhibited different 
sensitivities to exicni;rl i,ndiatnnn when htnrrninig. ('Eu it first 
approximation. it is reasonable to assume that the mate of heat 
release is closely linked to the mass kiss rate through the heat of 
combustion, which is assumed to he independent of the imposed 
heat flux, and constant during the period of burning.) The 
reasons fur this have still to he investigated. particularly if a 
vertical spread model is to he used to predict rates of vertical 
spread in different scenarios where there is likely to be an 
imposed heat flux affecting the rate of burning behind the 
pyrolysis front, e.g. in corner-wall locations 'or when inward 
lacing surfaces must he considered as a possible scenario. 
CONCLUSION 
This study provides it good example of how tire models may he 
developed to characterise the behaviour of materials from small-
scale test data. This type of approach - even if' modifications to 
stimiida'rd test procedures are required - may provide the basis for 
more robust methods for material classification and selection. 
However, the prerequisite is to use small-scale tests in it rational 
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Fig. 3The rate of heat release of PM MA samples from ('one 
Caitrrnnrieter under irradiance of I 5kW/nit' in tire standard and 
iron-standard test procedures. 
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Fiu. 4 The comparison 01 the experimental measurement and the 
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Fig.6 Upward flame spread rate predicted by Grant and 
I )rvsdale' s model with the standard and non-standard ('lute 
ak iii meter test itocedu  res. 
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OF UPWARD FLAME SPREAD 
Kuang-( hung Tsai & Dougal Drysdale 
Fire Safety Engineering Group, School of Civil and Environmental Engineering 
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ABSTRACT 
I'rL'V/0145 work has demonstrated the flame height (?I 'a wall fire is one of the two most important 
parameters determining the rate of vertical spread Models of vertical flame spread rely on 
enpirical flame height correlations which have the .form X1 = KQ", but these are based on 
simulations of wall] lres using line burners, and estimates of the rate of heat release from fires on 
verrical surfaces. There have been no carefully controlled experimnents designed to establish the 
vatJity of these correlations and data do not exist for values of Q' <c. 25 kW/m. 
Two experimental 	roaches are described here. In one, burning slabs of PMMA slabs (6 mm 
thick, with heights between 25 mm and 250 mm and widths between 50 mm and 150 mm) were 
used as the fire source and measurements of Q' and Xf were made simultaneously. These 
relate to the earliest stages of a wall fire (Q' < 30 kW/m). Various configurations were 
examined. In the other set of experiments, a gas-fired vertical panel was used This consisted of 
an array of 14 independent burners which could be assembled to investigate the effect of the 
aspect ratio of the burning area on the correlation. The data confirm that the flame height 
correlates with Q', but the bottom edge boundary configuration and the width of the burning 
area have an effect. 
INTRODUCTION 
Flame height is taken as the average visible extent of the fire plume. For a developing wall fire, 
flame height has been shown to be one of the two most important parameters driving the rate of 
upward spread ', the other being the heat transfer to the unburned surface ahead of the burning 
zone. Several models 2-')  have combined these parameters to assess the risk of fire growth on 
vertical surfaces. However, the reliability of these models depends on the accuracy of the flame 
height correlation. 
PREVIOUS THEORETICAL AND EXPERIMENTAL INVESTIGATIONS 
Figure 1 is a schematic diagram of a developing wall tire. The solid fuel is pyrolyzing in the 
region (x - xh ) and the flame height reaches X. . The region 0< X< X h corresponds to the 
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burnt out zone. Where burning is established, fuel vapours are released from the surface and 
enter the flame which is confined to the buoyancy-induced boundary layer. Heat is transferred to 
the surface above the pyrolysis region, progressively raising its temperature to the firepoint, 
allowing the flame to advance upwards. . 1k 
Plume region 
Preheating region (heat 
transfer from flame) 
X 	 Pyrolysis region 
Burnout region 
Fig.1: Upward flame spread model Fig. 2: The schematic diagram of the expe mental 
rig used for PMMA test. The rig was located under 
the extract hood of a Cone Calorimeter. 
ird 
Flame 
Based on these observations, several theoretical analyses '°" have led to a correlation of the 
flame height for wall fires. Quintiere et al. assumed that a flame extends until the fuel is 
completely consumed. Delichatsios l  postulated that flame heights in buoyant diffusion flames 
(laminar or turbulent) are essentially independent of the stoichiometry and depend only on total 
heat release rate. This hypothesis was later supported by the derivation of flame height 
expressions from experimental results and physical arguments of buoyancy, heat transfer, mass 
flow rate, etc. . Aeklund 11  established a two-dimensional vortex model by demonstrating flame 
as a region of intense vorticity generation, which is capable of predicting the flame height. All of 
these studies concluded that the flame height is proportional to the rate of heat release per unit 
width in a two-thirds power law (n=2/3 in Equation 1), 
X 1 =KQ" 	 (1) 
where X1 is the height of flame, K and n are constants and Q' is the rate of heat release (RHR) 
per unit width of burning material. 
Several investigations 2.I0.12I6  using different experimental rigs have been carried out to analyse 
the flame height phenomenon. A comparison of these experiments is given in Table 1, showing 
the type of fire (linear burner or wall fire; whether steady or spreading fires, laminar or turbulent), 
the geometric configuration and whether or not sidewalls were present. These experiments can 
be classified into three types: (1) linear fires produced by line burners against a wall, (2) wall fires 
produced by vertical gas burners, and (3) vertical burning fuels in which the rate of mass loss was 
measured or estimated and the heat of combustion assumed to be constant. 
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Source Line or Geometric Laminar Spreading Sidewall? Method 
wall fire? config or or steady? used** 
turbulent  
Hasemi I? LB + no floor - steady yes ztHc(E) 
burning th' (C) 
slabs  (Egn.2) 
Sugawa ci Line lire with floor - steady no AHc(E) 
al. 13 m' (C) 
(Egn.2) 
Coutin ci al. wall tires no floor turbulent steady Many i1Hc(E) 
14 variations m' (C) 
Quintiere ci LB + no floor turbulent spreading* yes Q" al. 10 burning 
slabs (Eqn.5)  
Tu and LB + no floor turbulent spreading yes LlHc(E) 
Quintiere ' burning 
slabs  (Egn.6) 
SQW 2 wall fires with floor turbulent spreading no zlHc(E) 
M" (E) 
(Egn.6) 
Orloff et al. wall fires with floor laminar & Spreading yes - 
16 
turbulent  
Table 1: A summary of previous experimental rigs used for flame height correlations. 
* The flame produced was spreading but measurements were carried out as it became steady. 
** E: estimated; C: controlled (gas flow); M: measured; LB: line burner. 
(1) Linear fires produced by line burners against a wall 
Porous line burners were used by Hasemi 12  and Sugawa ci al. 13 to simulate wall fires. In 
1-lasemi's study 12,  three burners were used, with sidewalls to help maintain two-dimensional 
flow. The burner dimensions (width (D) x length (L)) were 0.0375m x 0.27m, 0.82m x 0.27m, 
and 0.0075m x 0.92m, where D was taken as the characteristic dimension. Sidewalls are not 
mentioned in Sugawa's study ' By changing the rate of supply of gaseous fuel, different rates of 
heat release were simulated. The corresponding heights of the flame tips were recorded by video 




where th' is the rate of supply of fuel per unit width of burner (kg/m.$) and AJJ is the heat of 
combustion (kJ/kg). 
The flame height was found to correlate with the dimensionless group 
CT0 g 1/2 D 3"2 as follows: 
LJ/D = 	 (3) 
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where L is the flame height, D is the characteristic length and yis a constant. In Hascrnis study 
12 for Q ~ I, n = 2/3 and y =6.0. For Q <1, n=0 .8. In Sugawa's experimental study 
', 
ii 
was confirmed to be 2/3 in the range 5 < Q <20. 
Wall fires produced by vertical gas burners 
Wall fires were simulated via vertical gas burners by Coutin et al. . The burner width was fixed 
at 0.4 m and the burner height was set at 0.25, 0.5 and I m. Three configurations were studied: 
(a) the burning wall was entirely confined by two sidewalls; (b) the burner was partially confined 
over its lower part; and (c) there was no confinement. The value of Q' was calculated from 
Equation 2. A new and objective methodology using a CCD camera was applied to map flame 
luminosity. 
They observed that the flame height is sensitive to the geometric configuration. Pyrolysis height 
and burner width seemed to influence the flame height correlation. however, no systematic 
measurements were made and there was no clear conclusion. 
Vertical burning fuels, assuming a constant heat of combustion 
Flame height measurements on 284 mm square samples of burning materials in a vertical 
orientation were made by Quintiere et al. 10. A pilot ignition flame was placed at the base and 
sidewalls were provided to prevent lateral air entrainment. By exposing the samples to different 
levels of external radiation, various solid fuel burning rates could be simulated. Once steady 
burning had been achieved, the flame height was measured. Assuming a constant heat of 
combustion, RHR per unit width was calculated by following Equation 4. 
Q'=Q"X 	 (4) 
where Q" is the RUR per unit surface area. Their data fbllowed the 2/3 power law (see Equation 
I) although there was considerable scatter. Tu and Quintiere 14  modified the experimental rig to 
allow the measurement of transient mass loss tale and the corresponding flame height for both 
charring and non-charring materials (PMMA and wood; 285 mm wide and 295 mm high). Using 
Equation 5,and then Equation 4, 
Q"= ,is"AH 	 (5) 
the flame height correlation was found to obey the 2/3 power law, but the value of K was higher 
than for the results obtained from line fires against a wall '. 
Orloff et al. ' and Saito etal. (SQW) 2  also measured flame heights but used PMMA sheets up to 
1.5 m. In both of these studies, line burners were adopted to ignite the lowest edge of samples, 
but sidewalls were only used by Orloff et al. '. One significant difference from the earlier work 
was the presence of a floor which would have altered the mode of air entrainment at the base of 
the "wall". The flame height of the spreading flame was correlated in SQW's study 2  by 
calculating the RHR per unit width from the estimated fuel supply rate and heat of combustion 
(Equation 5 and then 4). The flame height correlation obeyed Equation I, but with a higher value 
of n than that obtained from steady burning experiments . The higher power may be a result of 




2.11,  It was also noted that the presence of sidewalls increased the length of the flames 
because two-dimensional flow patterns were maintained 
2 
Although the flame height correlations of the line fires 
12.13  and the wall fires 
2J0,14.I5.i6 seem to be 
similar and agree with Equation I, the behaviour of the flames is different. The linear flame 
experiments cannot simulate real wall tires. Even when "real wall fires" are involved 
2,10,14.15 
the 
assumption that the heat of combustion remains constant may not be realistic. There is a need to 
measure the RIIR directly during the experiments. 
Consequently, there is still uncertainty in the validity of the correlation. Equation I suggests that 
the flame height is related only to 01, and no other factors are considered. In particular, there is 
almost no information on the effect of' the aspect ratio (height,/width) of the burning area. It is 
known that the rate of upward spread increases with the width of the burning material. This may 
he explained in terms of increased radiative heat transtr ', but equally the tiarne height may be 
increased. The efiect of di it).rent geometric configurations at the base of the "wall" (for example, 
with and without a contiguous floor) has also not been considered. As this will influence the air 
entrainment pattern at the base of the wall, it may also have an effect on flame height. Two 
experimental rigs have been used to provide data which would help resolve the effects of the 
aspect ratio (height/width) and air entrainment at the early stages of the development of wall fires. 
3. EXPERIMENTAL WORK AND RESULTS 
3.1 PMMA tests 
3.1.1 Experimental design 
The experimental rig applying combustible solids is shown in Figure 2 in schematic form. It was 
designed to hold vertical samples of combustible material at the lower edge of (and in the same 
plane as) a 600 mm high inert board. The sample was mounted on a 3 mm thick steel plate: in 
addition to preventing flame spreading up the back of the sample, it kept the rear face relatively 
cool and prevented distortion and slumping which would otherwise have occurred. The vertical 
edges of the sample were protected by 3 mm thick mild steel strips designed to hold the sample 
against the backing plate. The rig was located below the hood of' a Cone Calorimeter, thus 
allowing the rate of heat release from the burning sample to be measured directly. A hand-held 
butane-fuelled blowtorch was used to ignite the surface of each sample uniformly. The inert wall 
was marked with a scale and a Video Camcorder was used to record each experiment. The flame 
height was determined subsequently by visual examination of the videorecordings which were 
then matched to the corresponding heat release rates. 
The combustible material used was PMMA, as 6 mm thick slabs with heights ranging from 25 to 
250 mm and widths of 40,80 and 120 mm to simulate the early stages of' vertical burning and to 
allow the effects of' different aspect ratios to be studied. By using sample heights up to 250 mm, 
the laminar, transition and turbulent burning regimes could be observed, as noted by Orloff et al. 
in their PMMA experiments ' 
Modifications could be made to allow four different geometric configurations to be studied (see 
Table 2, (A)-(D)). In three cases, the burning area was at the foot of the "wall". With Case A, 
there was a contiguous floor, but this was absent in Cases B and C. In Case B, the bottom edge 
was unprotected while in Case C the bottom edge was protected by a steel strip. In the fourth 
configuration (Case I)), the sample represented a central burning area on an extended wall. 
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Table 2 (a) and (b): The steady RI-IR per unit width and mass loss rate of 6mm 
thick, 80mm wide PMMA samples with different geometric configurations. 
RHR per unit width (kW m)  
Height, Xfl 	(Case A) 	 (Case B) 	 (Case C) 	(Case D) 
(mm) without a floor or an 	with lower edged 	with an extended 
with a floor 	extended plate protection plate 
25 4.59 ±0.31 5.81 ± 0.71 4.57 ± 0.42 
9.28±0.08 50 8.41 ±0.44 10.30±0.26 7.58±0.62 
100 16.92±2.14 18.52±1.27 11.00±0.68__- 13.78± 1.48 
150 14.38 ±0.28 16.08± 1.07 14.66± 1.27 
- 
14.68±1.60 
200 19.19 	1 17.40±0.32 18.13 
250 21.43±1.43 1 24.92 21.44±0.86 -- 
Mass loss rate in" (g/m 2  s) (assuming ALI. (PMMA) = 24.89 kJ/g) 
25 7.38 9.34  7.34 
7.46 50 6.76 8.28 6.09 - 
100 6.80 7.44 4.42 5.54 
150 3.85 4.31 3.93 3.93 
200 3.85  3.50 3.64 - 
250 3.44 4.01 3.45 
4W  





- 	--- - - .- - 
: 	- 
0 	 100 	200 	30D 	400 	__ 
Fig. 3: The RHR history of a 6mm thick, 80mm wide and 100mm high burning PMMA sample 
with a contiguous floor. After ignition by the torch (at lOOs) rate of burning increased to a steady 
value (after 350s). Burnout started at around 500s. 
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3.1.2 PMMA test results 
Figure 3 shows the typical RHR history for a burning PMMA sample, 80 mm wide, 100 mm high 
and 6mm thick in the configuration corresponding to Case A (with a contiguous floor). The 
ignition process took approximately 100 s and was followed by a period of unsteady burning 
(from lOOs to 350s) during which the RHR increased to a steady value (corresponding to 150 
kW/m 2  in this case) before burnout started (after 500s). The height of the flame during steady 
burning was determined (350 - 500 s in Figure 3). The heights of the continuous flame and the 
flame tip were observed, but the flame height was recorded as the average of the visible flame 
height. 
The effect of aspect ratio (R = height/width) on the correlation is shown in Figure 3 for Cases A 
and D. These represent the very different geometries and indicate that the effect of R is 
negligible for O' < 30 kW/m 2  within the range of values of R used (0.3125 to 2.5). The same 
result is found for Cases B and C. 
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RHR per trit v(r, (W14lo) 
Fig. 4: The effect of aspect ratio (height/width) on the flame height correlation under geometric 
configurations of Case A (left) and D (right) (see Fig. 3). 
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Fig. 5: The dependence of flame height on RHR per unit width plotted on normal and 
double logarithmic scale (all data). 
In Figure 5, the dependence of X 1 on Q' for all four geometries is shown on normal and double 
logarithmic plots. When Q' is less than c. 10 kW/m, the data for all four configurations fall on 
the same line, but above c. 10 kW/m, the data diverge and systematic differences in the four series 
of flame height correlations are apparent. 
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For Case A (a burning wall with a contiguous floor), 
X 1 =0.016Q"°7 	 (6) 
For Case B (a burning wall with no floor and no protection of the bottom edge), 
Xj =0.018Q"°° 	 (7) 
For Case C (a burning wall with no floor but with the bottom edged protected) 
X1 =0.023Q'°9 	 (8) 
For Case D (a burning wall with an extended plate), 
X 1 = 0.01101 25 	 (9) 
The r2  values for these four cases (Equations 6-9) are 0.93 1, 0.968, 0.987 and 0.963 respectively, 
and the values of n are close to unity. In addition, it can be seen that the burning walls set in an 
extended plate (Case D) produce the tallest flames. While further work would be required to 
explain this observation, it seems likely that it is a consequence of the fact that the burning area is 
part of a larger flat surface. The Case D flames may be less turbulent than those observed for 
Cases A, B and C. In general, turbulence tends to reduce the height of a diffusion flame, but the 
Case A flames are of similar height to the Case D flames, both being higher than Cases B and C 
(Figure 9a). Clearly, the effect of the lower edge boundary conditions needs to be studied in 
greater detail. The best fit line encompassing the data from all four cases is included in Figure 7 
which compares all of the previous correlations 2.10,16 and Delichatsios' analysis ' discussed in 
Section 2. This shows that the flame height is more sensitive to Q' than predicted by other 
correlations 1,2.10,16 in this range of values of Q', but that these correlations will overpredict the 
height of the flames when Q' < 25 kW/m. 
The steady values of Q' obtained for the different geometric configurations are listed in Table 
2a. Samples with a lower-edge protection (Case C) produced the lowest values of Q* ' while Case 
B samples produced the highest. It seems likely that the increased burning area due to the 
involvement of the lower edge would account for this result. When PMMA samples burned with 
a contiguous floor (Case A), the lowest 10 mm of the flame was blue in colour, suggestive of a 
well-mixed region producing "premixed-like" burning. This may have caused higher local heat 
transfer and thus a higher local rate of burning, consequently producing a higher value of 
Q'. This is consistent with observations made by Foley and Drysdale Ill on the effect of a "floor" on 
the rate of heat transfer to a vertical wall exposed to a line burner. 
In Table 2b, the steady-state rate of burning (expressed as a mass flux, 1h"g/m 2 .$) of PMMA 
slabs of different heights are compared for these four configurations 	The mass fluxes were 
calculated from the steady state values Q', assuming the heat of combustion of PMMA to be 
constant at 24.89 kJ/g 17.  The burning rate is found to decrease as the height of the burning 
sample increases. This is consistent with the study carried out by Orloff etal. ' 9 on the burning of 
thick vertical slabs of PMMA, 0.91 m wide and 2! 1.5 m high. Their configuration corresponded 
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to Case A. They also found that the rate of burning decreased with height over the first 200 mm 
from the bottom edge although the decrease was not so pronounced (about 1 5%). 
Clearly, the lower edge configuration has a significant effect on the flame height correlation. 
More work is required to obtain a fuller understanding of this behaviour, but it seems likely that 
the pattern of air entrainment is an important factor. 
The comparison of previous flame height correlations 
10 
spreading flame 





















RHR per unit width Q (kW/m) 
Fig. 6: A comparison of the correlations obtained in this study with earlier ones 1.2. 10.12, 
13,T5 
3.2 Gas panel tests 
3.2.1 The experimental rig 
The experimental rig is in Fig. 7. A propane fuelled vertical panel (600 mm high and 840 mm 
wide) was constructed from 14 burners. An inert board was located as a vertical extension, 
against which the flame heights were determined. The 14 burners were controlled separately by 
individual valves so that burning areas of different aspect ratio could be selected. The mass flow 
rate was controlled by a mass flow controller. The resultant Q' was calculated using Equation 2, 
assuming complete combustion with the heat of combustion of propane is 46.45 kJ/g. The inert 
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4 @ 150mm 
Fig. 7: The gas panel apparatus. Each rectangle of the panel represents an independent 
burner with an individual gas supply which can be controlled independently. 
3.2.2 Experimental Results 
Fig-8 shows the dependence of Xon Q' for different burning areas in normal scale. It can be 








0.1 	-----.--.-.--- ---------- 
1 10 	 1(X) 1000 
hog r1ee ilte per tilt vAM Wq 
Fig. 8: The relation between A'1  and Q' from the vertical propane burner (Fig. 7) with 
fires of different burning areas (normal and double-logarithmic plots). In the legend, 
h15w15 indicates that the burner is ISO mm high and 150 mm wide. 
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For fires produced by 150 mm wide burners, 
Xi = 	 0646 	 (10) 
For fires produced by 300 mm wide burners, 
X1 = 0.0406 	 (II) 
For fires produced by 570 mm wide burners, 
X1 = 0.06 1Q'°5 	 (12) 
The r2  for these three correlations are 0.965, 0.989 and 0.99! respectively and the values of n are 
close to 0.66 which was determined by theories discussed in Section 2 Ion.  The comparison of 
the best lit line encompassing the data of Equations 10, II and 12 with other correlations is 
shown in Fig.6. A very consistent result was obtained. The tires from wider burning areas 
produced higher flames. The same observation can be seen in Hasemi's work (Fig. 3 in 3)  using 
line burners with different widths although the effect was not discussed. It may contribute to the 
increase in the rate of upward flame spread as the width of the burning material is increased. 
However, more detailed research into air entrainment behaviour is required. 
4. CONCLUSION 
The flame height correlation of wall fires on their early stages of development (Q' < 30 kW/m) 
under different geometric configurations has been shown to conform to a correlation of the form 
of Equation I, with no significant influence from the aspect ratio of the burning surface. For the 
first time, rates of heat release and flame heights were measured directly in the same experiments. 
The correlation was found to depend on the lower edge boundary condition. Data for Q' > 30 
kW/m should be obtained by the same technique to investigate the correlation for fully developed 
turbulent wall flames, but the limited space within the test section of the Cone Calorimeter 
prevented such measurements being made in this part of the project. 
The flame heights from a gas-fired panel were measured and were shown to correlate according 
to Equation I, with a value of n very close to 2/3, as determined by others. The rate of heat 
release was calculated from the mass flowrate and the data suggest that flame height is influenced 
by the width of the burning area, i.e. the aspect ratio has some effect. 
The correlations in this study were derived from steady flames from a combustible material and a 
gas panel, although the correlation between flame height for a spreading wall fire in which the 
corresponding rate of heat release was measured simultaneously should be examined. However, 
it is hoped that this study will lead to a better understanding and more robust correlations for 
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Upward flame spread: heat transfer to the unburned surface 
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ABSTRACT 
An experimental programme was intended to analyse the heat feedback from a spreading 
wall fire to its unburned surface, one of the two important parameters determining its 
spread rate. The heat flux from PMMA fires was observed to be higher than those from 
previous investigations as plotted with normalised flame height (X,X 1). However, very 
good consistency was performed with another study as a parameter 4."" is introduced 
with heat flux plotted in another normalisation. The averaged heat flux, an important 
parameter used in uward flame spread modelling, was discussed and suggested to be 
around 15-20 kW/m. This is much lower than the commonly accepted 25-30 kW/m 2 . 
Keywords: heat feedback, upward flame spread 
Nomenclature 
C0 	a constant (-) 
CP 	specific heat (J/kgK) 
D dimension of burner (rn) 
g 	gravitational acceleration constant (mis 2 ) 
Qi heat release rate of the line burners (kW/m) 
Q* 	dimensionless variable of rate of heat release (-) 
JW 	heat flux from flame to unburned surface (kW/m 2) 
maximum heat flux from flame to unburned surface (kW/M 2 ) 
heat flux from flame to unburned surface as the pyrolysis front reached the 
heat flux meter (kW/m 2 ) 
T 	temperature ( °C or K) 
tf the time as flame tip reaches heat flux meters (s) 
1,, 	the time as pyrolysis front reaches heat flux meters (s) 
X vertical distance from the bottom of wall (m) 
Xb 	burnout front height (m) 
Xj- flame height (m) 
X, 	pyrolysis front height (m) 
Po density (g/m3) 
INTRODUCTION 
Upward flame spread on vertical surfaces has attracted the attention of fire safety 
scientists and engineers for more than 30 years because it represents a particularly 
hazardous scenario which can produce very rapid fire development. Research has 
provided an understanding of the phenomenon by identifying the controlling mechanisms 
through mathematical formulations which are capable of simulation fire spread 
behaviour. Figure 1 is a schematic diagram of a flame spreading upwards on a vertical 
surface. The wall is undergoing pyrolysis (burning) in the region (X,,-Xb), the flame tip 
reaches X1 and below Xh is the region of burnout. Fernandez-Pello and Hirano [ I ] pointed 
out that the heat transfer from the flame to the unburned fuel is the primary controlling 
mechanism. Delichatsios [2] further noted that the heat flux to the surface above the end 
of the pyrolysis region up to the flame tip (the preheating region (XrXp)  in Fig. I) and the 
extent of burning, i.e. the flame height in wall fires, are the two important parameters 
determining its flame spread rate. 
Plume region 
Preheating region; 
flame heats the unburned region 
j
1 	Pyrolysis region 
I Burnout region 
Figure 1. Upward flame spread. 
In this paper, the heat flux from the flame to unburned surface in the region X 1 - X,., is 
considered in detail. Measurements have been made from spreading PMMA wall fires 
and compared with previous investigations in which a similarity has been observed for a 
wide range of materials. In addition, the average heat flux in the preheating region is 
discussed as this is used in many upward flame spread models. 
PREVIOUS EXPERIMENTAL INVESTIGATIONS 
One of the earliest sets of measurements of the wall flame heat flux distribution was 
made by Hasemi [3,41  who used porous, methane line burners (30cm long and 3.7 or 
8.2cm wide) against the foot of a water-cooled isothermal wall, and a methane line burner 
10  1 
(92 cm long and 7.5cm wide) against a thermally thin wall. The isothermal wall had 
sidewalls, but no contiguous floor, while the thin wall had a contiguous floor but no 
sidewalls. Total heat fluxes were determined by means of Gardon gauges. Hasemi noted 
that the behaviour of flames near the line burners appeared to be different from the 
behaviour of flames from vertical fuels. However, his data appeared to be consistent with 
earlier work of others [5,6]. The heat flux data were found to lie in four distinct regions 
defined by the parameter Q , *2/3D = Q,/p0CT0gh12 )'. (This parameter is also used to 
correlate the visible flame heights of gas burner line fires.) The regions are: 
The lower part of the solid flame (X /Q 2" 3 D !!~ 1) in which '" tends to increase with 
height. 
The upper part of the solid flame (I !! ~ X /Q 3 D 2.8) in which ij" is apparently 
constant and appears to be a weakly increasing function of 
Q1*• 
The flame thickness 
is almost constant with height. 
The transition region (2.8 !~ X /Q 2" 3 D 10) in which the slope is the steepest among 
the four regions with all the data falling onto 
q 	45(X/Q2I3D)5 	
(I) 
The plume region (10 X /Q 3D) in which the heat flux can be correlated by 
2.5(X ,2/3D)'3 	 (2) 
Quintiere et al. [7] also took heat flux measurements during their work on flame heights 
with 28.5x 28.5cm burning surfaces (PMMA, rigid foam, carpet, flexible foam, aircraft 
panel and particle board). Heat flux meters were flush mounted on a contiguous water-
cooled plate which was located above the samples. Cooled side-plates were used to form 
a channel to preserve two-dimensionality of the boundary layer flow over the plate by 
preventing air entering the flame from the sides. They plotted their heat flux data in 
terms of XiX1 and found them to be very consistent with Hasemi's data plotted in the same 
format [3,4]. 
Brehob et al. [8] suggested another form for the correlation of 4"' with height based on 
the data reported by Quintiere et at. [7] and Kim [9], viz. 
(x-x1 
—=ex r— C,i 	II 
)J L Xi -  XP   
where 	is the maximum heat feedback from flames to surface and the decay factor C0 
was determined to be 1.37. The correlation allows 	" to be determined from a single 
value of 	which Brehob suggests may be regarded as a "fire property" of the wall 
lining material. 
3. AVERAGED HEAT FLUX USED IN UPWARD FLAME SPREAD 
MODELLING 
A number of upward flame spread models have been developed in which the heat flux 
correlations of Hasemi [3, 4] and Quintiere et al. [7] have been used. However, to 
simplify the problem, most of these models [9-18] assume that c/w"is constant over the 
preheating region, becoming zero at heights above X1. Saito et al. [9] took 25 kW/m 2 as 
the constant heat flux exposed to which mass loss rate was obtained for their steady-state 
model. Good consistency has been shown with their PMMA flame spread rate 
measurement. Mowrer and Williamson [10] chose 30 Kw/m 2 as the irradiance of the 
Cone Calorimeter under which material flammability properties were carried out. In 
addition, they chose 50 kW/m 2 to obtain the data of burning duration time. Delichatsios 
and co-workers [I I] also adopted 30 kW/m 2 to be the fixed total flame heat flux of 
burning walls with flame heights shorter than 1.5 m in their Upward Fire Spread and 
Growth (UFSG) code, and considered radiative and convective heat transfer separately 
for flames higher than 1.5 m. However, 25 kW/m2 was used in their projects concerning 
PE/PVC cables [12] and charring materials [13]. In addition, Grant and Drysdale [14] 
took the average of the heat flux measured with their cardboard tests, and suggested 20 
kW/m2 to represent the heating scenario. Applying the Grant and Drysdale's model, 
Anderson etal. [15] used 35 kW/m 2 as the constant heat flux for hardboard, plywood and 
wallpaper covered wood surfaces. But 25 kW/m2 was chosen again in the modelling 
work of Kokkala et al. [16] focusing on wood surface produces, Qian and Saito [17] 
analysing the difference of the heat feedback over vertical flat and corner walls and 
Quintiere and Lee [18] assessing ignitor and thickness effects on upward flame spread. 
Table I lists the representative heat flux chosen for these models. 
Table 1: Heat fluxes selected for the preheating region 
Modelling work Heat flux chosen 
(kW/m 2) 
Comments 
Saito et al. [9] 25  
Mowrer and Williamson [10] 30 
50 for obtaining burning 
duration time data 
Del ichatsios etal.[l 1] 30  
Delichatsios and Delichatsios [12] 25  
Del ichatsios and Chen [13] 25  
Grant and Drysdale [14] 20 
averaged value during the 
whole burning process 
Anderson et at. [15] 35  
Kokkalaetal. [16] 25  
Qian and Saito [17] 25  
Quintiere and Lee [18] 25  
4. EXPERIMENTAL WORK 
Figure 2 shows in schematic form the experimental rig designed to allow samples to be 
ignited along the lower edge while in a horizontal position before being rotated into the 
vertical position at the start of the test. The samples were 6mm thick, 70 mm wide 
PMMA slabs of heights 200, 300, 400 and 500 mm. They were held against a 2 mm 
thick steel plate which not only prevented flame spreading up the back of the sample but 
also kept the rear face sufficiently cool to prevent distortion and slumping. The vertical 
edges of the samples were secured against the backing plate by two 3 mm thick mild steel 
strips which overlapped the samples by 5 mm on each long side: these also protected the 
vertical edges of the samples. A 5 mm wide slot was cut along the centreline of the 
backing plate to allow the pyrolysis front to be observed through the back of the sample, 
using the leading edge of the sub-surface bubbles as the marker. A heat flux meter was 
mounted flush with the sample surface, with its centre 20 mm from the top end of the 
sample. This was used to monitor the heat flux from the flame to the unburned surface 
during upward flame spread. 
Observer A 	 Heat flux meter 
(pyrolysis front) 
Sample 
Slot in backing plate 	 Flame 








Figure 2: Experimental rig used in this study. The dashed lines represent the horizontal 
position of the rig during ignition. It is then rotated into the vertical position (solid lines), 
The flame and pyrolysis heights were observed by eye from the front and rear of the rig. 
A mild steel plate, 3 mm thick, was held against lower end of the sample, leaving an 
unprotected 3 mm strip of PMMA which could be ignited by a hand-held butane-fuelled 
torch. The steel plate prevented extensive heating of the region ahead of the 3 mm 
ignition zone and was removed after ignition had been effected and immediately before 
the sample was raised into the vertical position. Measurements were taken by two 
people: observer A at the rear of the sample recorded the pyrolysis front as it advanced 
by 10 mm steps while observer B recorded the flame height visually at each 
corresponding time. 
5. RESULTS AND DISCUSSION 
The experiments were designed to provide data on the early stages of fire growth on a 
vertical surface. The results are relevant to combustible surfaces exposed to localised 
ignition sources and not for combustible linings exposed to large diffuse sources. This 
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Figure 3: A typical flame height and pyrolysis front measurement on a 500 mm height 
PMMA sample as a function of time. The gradient of the pyrolysis front line gives the 
rate of spread. 
Figure 3 shows typical measurements of the pyrolysis front and flame height on a 500 
mm high PMMA sample. Figure 4 shows heat flux measurements (average of three tests 
each) 20 mm from the top edge for 200, 300, 400 and 500 mm high samples. The 
quantities r1 and t,, can be identified as the times when the flame tip and pyrolysis front 
reach the heat flux meter, respectively. The difference (t1, - tf) then represents the time 
during which the preheating region is exposed to a direct heat flux from the flame (Figure 
1). The heat fluxes at t1 and t, for different heights of sample are identified on Figure 4 
and are listed in Table 2. Figure 4 also shows that the maximum heat flux occurs just 
behind the pyrolysis fronts, i.e. at the onset of steady burning. The average maximum 
heat flux was approximately 38 kW/m 2 . 
Figure 5 shows the heat flux distribution of the spreading PMMA wall fires plotted as a 
function of height (X) normalised against the flame height. The data from Quintiere et al. 
[7] are included for comparison. It can be seen that these are lower then the 
measurements from this study. However, there is a significant difference between the 
two sets of experiments: in this study the data were obtained by measuring the heat 
fluxes during upward flame spread on vertical PMMA samples up to 500 mm high. while 
Quintiere et al. [7] made their measurements during the steady state burning of 285 mm 
square samples with the heat flux meters flush mounted on a water-cooled copper plate 
above the burning area. This will have a cooling effect on the boundary layer flow and 
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Figure 4: Variation of heat flux 20 mm from the top of the 200, 300, 400 and 500 mm 
samples (no sidewalls). ( ........ marks the time when the flame tips reach the heat flux 
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Figure 5: The heat flux distribution of measurements from Quintiere et al. [7] and from 




Heat flux at flame tip 
(kW/m2 ) 
Heat flux at pyrolysis front 
(kW/m2 ) 
200 9.6 31 
300 8.8 30 
400 6.5 29 
500 6.4 29 












0 	 1 	 2 	 3 	 4 
(X-Xp)/(Xt-XP) (-) 
Figure 6: The comparison of heat flux distributions following Brehob et al. [8] 
(Equation 3) and in this study. (Brehob et at. [8] used the final heat flux o" to be the 
maximum one , but in this study the heat flux as the pyrolysis front reached the heat flux 
meter 41VP It was used.) 
In Figure 6, the heat flux distributions shown in Figure 5 are plotted in a form suggested 
by Brehob et al. [81, namely, as q"w'14 w'p vs (x —x)/(x 1 —x e ), where the heat flux 
corresponds to t, rather than the final (maximum) value 4 in the pyrolysis regions WO 
(Figure 1) as in Equation 3. The best-fit function is: 
r 	1 -081 
 XP 
0.2 	- 	 (4) 
LXj XpJ 
The correlation (r 2 equal to 0.927) is in a different format from that of Brehob et at. [8] 
(Equation 3), however, good agreement can be seen for [(X-X)/(X,X,,)]<l. 
In upward flame spread models, it is important to use as input data the best available 
representation of heat transfer to the preheating region. Ideally, a function such as 
Equation 4 should be used, but a simpler approach has been generally adopted. This has 
been dictated partly by the availability of data from the Cone Calorimeter which apply to 
a single (constant) heat flux for both the time to ignition and rate of heat release 
measurements. Table I shows the range of heat fluxes used by different investigators to 
obtain t and RHR data (and apply to their models). With the exception of Grant and 
Drysdale [14]. all are 25 kW/m 2 or above. However, the current data show that the heat 
flux varies from c. 7.8 kW/m 2 at the flame tip to c. 29.8 kW/m 2 at the leading edge of the 
pyrolysis zone. It would seem appropriate to use ti,  and RHR data obtained in the Cone 
Calorimeter at an average value less than 20 kW/m. The heat flux distributions derived 
by Hasemi [5,6], Quintiere et al. [7], Brehob et al. [8] and in this study are similar 
enough to suggest that they may be material-independent. This offers the possibility that 
a single representative heat flux could be used for a range of materials, taking the average 
of the highest and lowest heat fluxes measured in the preheating region (Figure 1). This 
would provide a value of c. 18.8 kW/m 2 , which is much lower than the values chosen by 
others (Table 1). 
Further support for this conclusion is to be found in a recent paper by Tsai and Drysdale 
[19]. They point out that it is unreasonable to use the RHR data obtained from the Cone 
Calorimeter at the same heat flux at which tjç was determined. After a vertical surface 
has been ignited (and the source of ignition removed), the process is self-sustaining. The 
rate of burning of the area below the pyrolysis front is determined by heat feedback from 
the established flame. In reference [19] it is shown that excellent agreement is obtained 
between experimental data and prediction by Grant and Drysdale's model [14] when tL at 
15 kW/m2 and the RHR with no imposed heat flux were used as input data. These data 
were obtained by using a non-standard procedure with the Cone Calorimeter in which the 
cone heater was removed immediately after ignition [19]. 
CONCLUSION 
Measurements of the heat feedback from upward spreading PMMA fires were carried out 
and compared with previous experimental correlations. Fairly good agreement was 
observed. An important parameter, representative heat flux within the preheating region 
of upward flame spread used in many wall fire models, was discussed. A lower value 
than commonly accepted ones was suggested. 
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